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FOREWORD 

This  interim  technical  report  was  prepared  by  the  Pratt  k 
Whitney  Aircraft  Division  of  United  Aircraft  Corporation, 
East  Hartford,  Connecticut,  in  compliance  with  Contract 
No.  DA~19-020-ORD-5230.  It  covers  the  technical  ac¬ 
complishment  on  the  research  and  development  of  titanium 
rocket  motor  cases  for  the  three -month  period  from 
October  1  through  December  31,  1961. 
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I.  INTRODUCTION 


Purpose  and  Scope  of  Project 


This  program  is  aimed  at  the  development  of  a  high  strength,  light¬ 
weight,  titanium  alloy  pressure  vessel  of  the  type  used  for  solid 
fuel  rocket  motor  cases.  B-120  VCA  titanium  alloy  has  been  selected 
for  further  investigation  because  of  its  inherent  high  strength,  its 
potential  of  reliably  exceeding  the  yield  strength/density  ratio  of 
1,  000,  000  inches  and  the  possibility  of  reaching  1,  200,  000  inches. 

The  main  problems  involved  in  its  application  include  the  development 
of  fabrication  techniques  to  achieve  consistently  high  strength  levels 
along  with  the  most  economical  use  of  material. 

Background  Information 

Previous  research  and  feasibility  testing  conducted  by  Pratt  b 
Whitney  Aircraft  Division  indicated  that  B-120  VCA  titanium  alloy  is 
an  excellent  material  for  lightweight  rocket  motor  cases.  Evidence 
was  accumulated  that  its  properties  could  be  improved,  as  well  as 
the  techniques  used  in  fabrication.  This  alloy  contains  thirteen  per 
cent  vanadium,  eleven  per  cent  chronnium,  and  three  per  cent 
aluminum.  In  the  cold-worked  and  aged  condition  it  has  achieved 
the  highest  strength/ weight  ratio  of  all  metals  that  have  been  used 
for  rocket  motor  cases.  Pratt  h  Whitney  Aircraft  Division  has 
demonstrated  that  full  scale  rocket  motor  cases  can  be  fabricated 
from  this  alloy  with  180,  000  psi  yield  strength.  At  this  stress  level 
the  material  has  a  strength  equivalent  to  290,  000  psi  in  low  alloy 
steel  at  the  same  strength/density  ratio.  Small  pressure  vessels 
with  yield  strengths  above  180,  000  psi  have  also  been  fabricated 
from  this  material  by  Pratt  b  Whitney  Aircraft.  B-120  VCA 
titanium  alloy  has  displayed  excellent  corrosion  resistance  to  salt 
spray  environment  at  the  160,  000  -  170,  000  psi  yield  strength  level, 
an  important  consideration  where  long  term  storage  is  involved. 
Specimens  tested  to  date  under  this  program  have  indicated  similar 
excellent  corrosion  resistance  at  the  180,  000  -  200,  000  psi  yield 
strength  level. 

Subject  Matter  Covered  in  this  Report 

The  work  planned  under  the  various  phases  of  the  program  is  out¬ 
lined  and  the  results  of  current  investigations  are  reported.  These 
results  include  the  following: 
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1.  Tensile  and  sustained-load  properties  (70F)  of  a  full 
scale  40-inch  diameter  flow-turned  cylinder  with  240  ppm 
of  hydrogen, 

2.  Tensile,  bend  and  fracture  toughness  (G^.)  test  results  on 
material  TIG-welded  using  an  improved  copper  fixturing 
technique  and  TIG-welded  using  AMS  4951  (commercially 
pure  titanium)  filler  wire, 

3.  Cyclic  loading  test  results  on  TIG-welded  and  electron 
beam-welded  material, 

4.  Tensile  properties  of  subscale  14-inch  diameter  domes 
press -forged  by  the  dogbone  and  the  pancake  and  preform 
techniques, 

5.  Tensile  properties  of  full  scale  40-inch  diameter  domes 
press -forged  by  the  dogbone  and  the  pancake  and  preform 
techniques, 

6.  Tensile  properties  of  a  hammer-forged  pancake, 

7.  Tensile  properties  of  subscale  14-inch  diameter  rolled 
rings  before  and  after  flow-turning, 

8.  Flow-turning -results  on  subscale  9.4-inch  diameter  rolled 
and  welded  blanks,  and 

9.  Electron  microscope  and  microprobe  results  on  press - 
forged,  TIG-  and  electron  beam-welded,  and  flow-turned 
material. 

The  above  results  are  discussed  and  tentative  conclusions  drawn. 
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II  PROGRAM  PLANNED 

The  following  detailed  program  is  planned  at  this  time  but  is  subject  to 
revision  as  development  progresses.  Major  emphasis  will  be  directed 
to  study  of  the  metallurgical  factors  influencing  material  behavior  during 
forging,  flow-turning,  heat  treatment  and  welding  and  the  resultant 
mechanical  properties.  The  results  of  these  studies  will  be  applied  to 
the  achievement  of  reliability  in  full  scale  components  at  the  180,  000  psi 
yield  strength  level.  The  most  economical  use  of  material  (reduced  input 
weight  and  thinner  sections)  will  be  emphasized  during  the  forging  phases 
of  the  program.  The  feasibility  of  extending  the  reliable  yield  strength 
level  to  200,  000  psi  will  also  be  determined.  The  status  of  material 
being  used  in  the  program  is  outlined  in  Table  I. 

A.  Effects  of  Interstitials 


The  effects  of  hydrogen  content  on  delayed  cracking  and  stress - 
corrosion  are  to  be  studied,  with  emphasis  on  the  flow-turned  materia] 
to  be  used  in  motor  case  cylindrical  sections.  The  present  Pratt  tc 
Whitney  Aircraft  specification  calls  for  a  maximum  hydrogen  content 
of  0.015  per  cent  (150  ppm).  A  cathodic  hydrogenation  technique 
has  been  developed  to  yield  reproducible  hydrogen  contents  at  the 
200  ppm  level  and  an  evaluation  program  has  been  conducted  on 
cold- rolled  and  aged  sheet  stock  at  the  180,  000  psi  yield  strei^gth 
level.  This  program  showed  no  detrimental  effect  of  hydrogen  on 
notched  (Kt-8)  tensile'behavior  at  the  standard  strain  rate  (0.005 
inch/inch /minute)  or  under  sustained  loads  over  the  -35F  to  400F 
temperature  range.  Higher  notched  (K^=8)  sustained  tensile 
strengths  were  observed  with  200  ppm  hydrogen  material  as  compared 
with  70  ppm  hydrogen  material.  Additional  testing  using  notched 
sustained-load  specimens  with  stress  concentration  factors  (K^)  of 
3  and  6  and  hydrogen  contents  of  70  and  200  ppm  showed  that  the 
above  behavior  was  repeated  with  a  stress  concentration  of  6,  but 
not  with  a  stress  concentration  factor  of  3. 

One  of  the  two  40-inch  diameter  rolled  rings  transferred  from 
Thiokol  contract  RM-962  has  been  flow-turned  to  provide  material 
for  the  hydrogen  investigation.  The  resultant  cylinder  was  sec¬ 
tioned  in  the  as -flow-turned  condition,  stress  relief-flattened  at  900F 
and  the  aging  response  determined  at  800F  and  900F.  The  hydrogen 
content  in  the  as -flow-turned  condition  was  approximately  240  ppm 
and  the  cylinder  was  therefore  evaluated  at  this  hydrogen  level 
only.  Smooth  and  notched  (Kt=8)  tensile  and  notched  (K(=8)  sustained 
load  specimens  were  machined  in  the  axial  and  circumferential  dir¬ 
ections  after  aging  at  900F  to  the  180,  000  psi  minimum  yield  strength 
level  and  tested  at  room  temperature  only.  Results  showed  poor 
notched  (Kt=8)  tensile  strength  but  no  detrimental  effect  on  sustained 
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notched  (K^=8)  tensile  strength  due  to  the  relatively  high  hydrogen 
content  (240  ppm).  Because  of  the  poor  notched  (K^sS)  strengths 
and  because  this  cylinder  did  not  receive  optimum  processing,  no 
further  work  will  be  conducted  on  this  material. 

To  evaluate  two  hydrogen  levels  (approximately  50  and  200  ppm) 
on  satisfactorily  processed  flow-turned  material,  two  of  the  ten 
subscale  14-inch  diameter  rings  recently  rolled  by  Ladish  have  been 
vacuum  annealed  at  1400F.  One  of  these  rings  will  be  flow-turned 
by  the  current  two-pass  technique  (50  percent  reduction  per  pass) 
and  evaluated  at  the  50  ppm  hydrogen  level  and  after  cathodic  hydro¬ 
genation  to  the  200  ppm  level.  Smooth  and  notched  (Kt=8)  tensile 
and  notched  (K^=8)  sustained-load  specimens  will  be  tested  over 
the  -35F  to  400F  temperature  range.  The  other  ring  will  be  used 
for  flow-turning  development  unless  required  for  the  hydrogen  in¬ 
vestigation. 

The  effect  of  oxygen  on  aging  response,  notch  sensitivity  and  stress - 
corrosion  susceptibility  is  being  evaluated  using  six  press-forged 
pancakes  with  nominal  oxygen  contents  of  0. 10,  0. 15  and  0.20  per¬ 
cent.  Exploration  of  these  pancakes  has  been  completed  with  the 
exception  of  smooth  and  notched  {K^=6)  tensile  testing  at  -35F  after 
aging  to  the  180,  000  psi  yield  strength  level.  The  remaining  three 
pieces  of  the  nine  originally  intended  will  be  forged  at  a  later  date, 
if  desired. 

Forging  Practice 

The  forging  phase  of  this  program  is  aimed  primarily  at  the  improve¬ 
ment  of  mechanical  properties  in  forged  end  closures  with  maximum 
economy.  It  is  hoped  that  this  economy  wilt  result  from  lower 
forging  input  weights  and  from  a  less  expensive  forging  and 
machining  sequence.  It  is  anticipated  that  these  objectives  will 
be  achieved  by  closed-die  press  forging,  controlled  to  retain 
optimum  working  for  proper  aging  response. 

1.  Press  Forging 

Seven  pancakes  have  been  forged  in  open  dies  at  Wyman-Gordon. 
These  pancakes,  upset  at  high  and  low  strain  rates  at  1600F, 
1700F,  1850F  and  2000F,  were  evaluated  for  smooth  and  notched 
(Kt::8)  tensile  property  uniformity  at  the  180,  000  psi  yield 
strength  level.  Additional  testing  showed  that  none  of  these 
pancakes  was  capable  of  attaining  the  200,  000  psi  yield  strength 
level  by  direct  aging  at  900F.  This  material  contained  0.  10  per 
cent  oxygen  and  its  aging  response  was  in  agreement  with  data 
obtained  in  study  of  interstitial  effects. 
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Wyman- Gordon  has  also  forged  nine  subscale  14-inch  diameter 
domes  in  closed  dies.  Three  domes  were  press-forged  by 
the  dogbone  technique  at  1650F,  1700F  and  1850F  and  five  by 
the  pancake  and  preform  method  at  the  same  temperatures. 

In  addition,  one  piece  was  upset  at  2000F  directly  from  billet 
stock.  These  domes,  with  the  exception  of  one  piece  forged 
at  1850F  by  the  pancake  and  preform  method,  have  been  com¬ 
pletely  evaluated.  The  excepted  piece  which  did  not  fill  the  dies 
has  been  restruck  at  1750F  euid  is  undergoing  evaluation.  No 
further  subscale  dome  forging  is  planned  at  the  present  time. 

Three  full  scale  40-inch  diameter  domes  have  also  been  forged 
in  closed  dies  at  Wyman-Gordon.  The  first  of  these  domes 
(front)  was  forged  in  three  operations  at  1700F  by  the  pancake 
and  preform  method,  using  the  dies  normally  employed  for 
second  stage  Pershing  steel  domes.  This  dome  did  not  fill  the 
dies  in  the  final  upset  and  was  therefore  restruck  in  the  same 
dies  at  1900F.  Evaluation  of  this  piece  has  been  completed. 

The  two  additional  domes,  one  front  and  one  rear,  were  forged 
in  the  closed  dies  fabricated  under  this  contract.  The  front 
dome  was  forged  by  the  pancake  and  preform  method  (three 
operations),  and  the  rear  by  the  dogbone  technique  (three  opera¬ 
tions).  All  forging  operations  were  performed  from  1850F. 
These  two  domes  have  been  sectioned  and  are  presently  being 
evaluated.  One  additional  front  dome  and  one  rear  dome  will 
be  forged  pending'results  of  the  above  evaluations  and  the  sub¬ 
scale  14-inch  diameter  dome  recently  re  struck  at  1750F. 
Additional  front  and  rear  domes  will  be  forged  at  a  later 
date  for  individual  hydrostatic  testing  and  fabrication  of 
a  full  scale  motor  case. 


2.  Hammer  Forging 

Ladish  has  hammer-forged  the  four  pancakes  intended  under 
this  phase.  The  first  two  pieces  were  forged  in  two  upsets  in 
closed  dies  and  the  second  two  in  three  upsets  with  an  inter¬ 
mediate  recrystallization  treatment.  Evaluation  of  these  pieces 
has  been  completed.  No  further  work  is  anticipated  under  this 
phase. 
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3.  Ring  Rolling 

All  sixteen  subscale  14 -inch  diameter  rings  intended  under 
this  phase  have  been  rolled  by  Ladish.  The  first  three  rings 
were  rolled  in  single  operations  at  1800F,  1900F  and  2000F 
and  the  second  three  in  two  or  three  operations  at  1800  -  2000F. 
Based  on  results  from  these  pieces,  the  final  ten  rings  for 
flow-turning  development  were  rolled  in  a  single  operation  at 
1900F  and  are  presently  being  machined  prior  to  flow-turning. 

Based  on  the  subscale  results,  it  was  decided  that  the  seven 
full  scale  40-inch  diameter  rings  allocated  would  be  rolled  in 
two  operations  at  1900F.  Rolling  in  one  operation  was  pro¬ 
hibited  by  machine  capacity.  Because  of  tooling  problems,  it 
became  necessary  to  roll  in  four  operations  from  1900F  rather 
than  the  two  originally  planned.  One  ring  ruptured  during  the 
first  rolling  operation  apparently  due  to  defective  material. 
Replacement  material  has  been  ordered  and  will  be  similarly 
rolled  upon  receipt  by  Ladish.  Test  rings  for  annealing  treatment 
determinations  are  now  being  processed  from  the  six  rings 
rolled  successfully.  Rolling  of  the  replacement  material  men¬ 
tioned  above  and  subsequent  evaluation  of  these  seven  rings  v/ill 
constitute  completion  of  the  ring  rolling  phase  of  this  contract. 

Flow- Turning  Development 


The  flow-turning  of  subscale  14-inch  diameter  rolled  rings  in  con¬ 
junction  with  the  ring  rolling  development  phase  has  been  completed. 
Nine  subscale  9.4-inch  diameter  blanks  and  three  14-inch  diameter 
blanks  have  been  fabricated  by  rolling  and  axially  TIG  welding 
0.375-inch  thick  plate  stock.  Flow-turning  of  the  9.4-inch  diameter 
blanks  to  determine  the  effect  of  roller  geometry,  mandrel  speed,  re¬ 
duction  and  feed  rate  on  radial  growth  and  local  bulging  has  been  par¬ 
tially  completed.  Upon  conclusion  of  this  work,  one  or  more  of  the 
14-inch  diameter  rolled  and  welded  blanks  will  be  flow -turned  prior 
to  processing  of  the  14-inch  diameter  and  40-inch  diameter  roll-forg¬ 
ed  rings. 

Weld  Development 

The  weld  development  phase  is  aimed  primarily  at  the  improvement 
of  weld  quality,  fracture  toughness,  and  resistance  to  crack  initia¬ 
tion  at  weld  porosity.  Initial  work  on  establishment  of  quality  and 
toughess  test  techniques  has  been  completed  >t'ith  the  exception  of 
final  analysis  of  the  wide  (biaxial  stress  field)  tensile  specimen. 
Toughness  evaluation  of  multiple-pass  TIG  welding  techniques  and 
alternate  filler  materials  has  almost  been  completed.  An  improved 
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m  TEST  RESULTS 


Effects  of  Interstitials 


Evaluation  of  the  full  scale  40-inch  diameter  flow-turned  cylinder 
has  been  completed.  As  reported  previously  (Technical  Report  No. 
766.2/1-4),  this  cylinder  had  been  sectioned  in  the  as -flow-turned 
condition,  stress  relief-flattened  at  900F  for  one  hour  and  the  ag¬ 
ing  response  determined  at  800F  and  900F.  An  aging  treatment  of 
900F  for  two  hours  was  selected  to  achieve  the  180,  000  psi  mini¬ 
mum  yield  strength  level  (axial  direction).  This  cylinder  had  a 
high  hydrogen  content  (240  ppm),  apparently  due  to  excessive  anneal¬ 
ing  and  subsequent  pickling  during  processing  and  for  this  reason 
was  evaluated  at  this  hydrogen  level  only.  Vacuum  annealing  to  reduce 
the  hydrogen  content  after  flow-turning  would  destroy  the  cold  work 
necessary  for  optimum  aging  response  and  ductility. 

Smooth  and  notched  (Kt=8)  tensile  and  notched  (K^-8)  sustained- 
load  specimens  were  machined  from  the  cylinder  in  the  axial  and 
circumferential  directions  after  aging  at  900F  and  were  tested  at 
room  temperature  only.  Results  of  these  tests,  tabulated  in  Table 
II,  showed  low  notched  (Kt=8)  tensile  strengths  (90,  900  -  125,400  psi) 
and  sustained  notched  (Kt=8)  tensile  strengths  (100,  000  -  110,  000 
psi).  These  strengths  are  considerably  lower  than  those  normally 
obtained  on  flow-turned  material  (approximately  140,  000  -  160,  000 
pis),  apparently  due  to. a  smaller  reduction  (33  per  cent)  in  the  final 
flow-turn  pass.  No  detrimental  effect  was  attributed  to  the  high 
hydrogen  content  (240  ppm)  since  the  notched  vKt=8)  tensile  and 
sustained-load  strengths  were  equivalent.  Because  this  cylinder 
was  not  processed  by  the  normal  procedure  and  because  this  pro¬ 
cessing  apparently  resulted  in  increased  notch  sensitivity,  no  further 
work  is  intended  on  this  material. 

To  obtain  normally  processed  flow-turned  material  for  the  hydrogen 
investigation,  two  of  the  ten  subscale  14-inch  diameter  rings  recent¬ 
ly  rolled  by  Ladish  have  been  semifinish-machined  and  vacuum- 
annealed  at  1400F.  Hydrogen  analyses  after  vacuum  annealing  are 
currently  in  process.  After  finish  machining,  one  of  these  rings 
will  be  flow-turned  and  then  evaluated  at  two  hydrogen  levels  (approxi¬ 
mately  50  and  200  ppm). 


Evaluation  of  the  effect  of  oxygen  on  smooth  and  notched  (Kj=8) 
tensile  ductility  at  -35F  is  being  conducted  using  the  three  pancakes 
(0.  10,  0.  15  and  0.20  per  cent  nominal  oxygen)  most  recently  press- 
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forged  by  Wyman-Gordon  in  three  upsets  at  1700F.  Sin^ilar  testing 
at  room  temperature  has  shown  a  trend  towards  decreasing  ductility 
with  increasing  oxygen  content  (Technical  Report  No.  WAL  766.2/ 
1-4).  Samples  from  these  pancakes  have  been  aged  at  900F  to  the 
180,  000  psi  yield  strength  level  and  are  presently  being  machined 
into  smooth  and  notched  (Kt=8)  tensile  specimens  for  testing  at 
-35F.  These  tests  will  complete  the  presently  intended  oxygen 
investigation. 

X-Ray  Diffraction  Studies 

No  further  x-ray  diffraction  studies  of  preferred  orientation  were 
conducted  during  this  quarter.  Additional  studies  may  be  under¬ 
taken  during  the  more  advanced  stages  of  the  flow-turning  develop¬ 
ment  phase. 

Weld  Development 

Stress  analysis  is  continuing  on  the  wide  (4.5-inch)  biaxial  tensile 
specimen  configuration  being  evaluated  for  the  testing  of  longitudi¬ 
nally-disposed  weld  beads.  As  reported  in  Technical  Report  No. 
WAL  766.2/1-3,  preliminary  analysis  had  shown  maximum  biaxiality 
(elastic  range)  midway  between  the  edge  notches  of  an  unwelded 
specimen.  A  similar  analysis  in  the  plastic  region  on  the  same 
specimen  has  shown  approximately  equivalent  biaxiality.  The 
resulting  biaxial  ratios  at  three  locations  (at  the  notches  and  at  inter¬ 
vals  between  the  notches)  are  illustrated  in  Figure  1.  Further 
evaluation  in  the  elastic  and  plastic  regions  is  presently  being  con¬ 
ducted  on  a  specimen  containing  a  longitudinal  TIG  weld. 

Fracture  toughness  (G^)  specimens  (ASTM  standard  3  x  12  inch 
internally -notched)  have  been  tested  from  panels  TlG-welded  using 
AMS  4951  (commercially  pure  titanium)  filler  wire.  Specimens 
were  machined  and  tested  with  prefatigue -cracked  notches  located 
at  the  weld  centers.  The  test  results  on  single-pass  (straight 
butt  joint)  and  three -pass  (U-type  prepared  joint)  welds  showed 
poor  toughness,  Gc*  values  of  71  and  100  in-lbs/in^  respectively. 

C*  is  defined  as  the  critical  crack  extension  force  corrected  for 
plastic  strain  at  the  notches.  Because  of  the  high  oxygen  contents 
of  the  welds  as  reported  previously  (0.  160  -  0.  293  per  cent,  Tech¬ 
nical  Report  No.  WAL  766.  2/1-4),  additional  specimens  are 
presently  being  prepared  from  panels  TIG-welded  in  a  single  pass 
and  with  lower  oxygen  contents  (approximately  0.  10  per  cent). 
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Bend,  smooth  and  notched  (Kt=8)  tensile,  and  fracture  toughness 
(Gj.)  tests,  have  been  conducted  on  TIG  welds  made  using  the  im¬ 
proved  copper^fixturing  technique.  Bend  specimens  were  machined 
with  transversely-disposed  weld  beads  ground  flush  prior  to  testing. 
Smooth  and  notched  {K(.=  8)  tensile  and  fracture  toughness  (Gj.) 
specimens  also  contained  transversely-centered  beads.  Smooth 
specimens  were  tested  with  the  weld  beads  both  intact  and  ground 
flush.  Notched  (Kt=8)  tensile  and  fracture  toughness  (Gc)  specimens 
were  prepared  with  notches  at  the  weld  centers  and  left  intact  for 
testing.  The  results  of  these  tests,  tabulated  in  Table  UI,  showed 
slightly  improved  tensile  ductility  but  similar  toughness  as  compared 
with  TIG  welds  made  by  the  previously  employed  method  (steel 
fixturing).  Macro-  and  microstructures  and  hardness  data  on  these 
welds,  presented  in  Figures  2-5,  showed  no  significant  changes  over 
previous  welds.  A  comparison  of  the  improved  and  previously  em¬ 
ployed  weld  schedules  is  shown  in  Table  IV.  The  essentially  porosity- 
free  nature  of  the  improved  welds  is  apparently  a  result  of  decreased 
weld  travel  speed,  increased  current  input  and  most  significant, 
the  type  of  weld  fixturing.  It  is  felt  that  the  higher  resultant  heat 
input  (8100  BTU/hr)  for  the  improved  technique  produces  higher 
temperatures  at  the  edges  of  the  weld  puddle  thus  allowing  evolution 
of  otherwise  entrapped  gases.  Previously,  the  vast  majority  of 
weld  porosity  occurred  at  the  weld  edges.  Because  of  the  advantages 
accrued  by  this  improved  method,  all  future  TIG  welding  will  employ 
the  above  described  technique. 

Bend  tests  have  been  carried  out  on  panels  manually  TIG-welded 
using  commercially  pure  vanadium  and  columbium-3.  5  titanium 
filler  materials.  These  materials  were  being  evaluated  to  determine 
applicability  for  repair  welding.  Bend  test  data  (weld  beads  trans¬ 
versely-disposed  and  ground  flush),  tabulated  in  Table  V,  showed 
satisfactory  ductility.  Macrostructures  along  with  hardness  data 
are  shown  in  Figures  6-8.  Additional  TIG-welded  panels  are  pre¬ 
sently  being  repaired  using  vanadium  filler  rod  since  this  material 
showed  greater  compatibility  with  the  parent  metal.  The  higher 
melting  point  of  the  columbium  alloy  necessitated  higher  welding 
heat  inputs  and  resulted  in  locally  unfused  areas  and  severe  distortion. 

The  analysis  of  crack  initiation  and  growth  from  porosity  in  TIG 
welds  by  the  cyclic  test  method  described  in  Technical  Report  No. 

WAL  766.2/1-3  is  continuing.  The  latest  specimen  configuration 
being  used  is  shown  in  Figure  9.  This  test  method  involves  initial 
loading  three  times  to  a  stress  of  80,  000  psi  for  three-minute  dura¬ 
tions  and  then  increasing  the  stress  level  in  5000  psi  increments 
on  succeeding  three-minute  cycles  until  failure.  The  three  cycles 
at  80,  000  psi  are  intended  to  simulate  a  motor  case  proof  test. 

This  stress  is  also  the  operating  level  for  the  Pershing  motor  case 
design  formulated  under  this  contract.  The  specimens  are  radio¬ 
graphically  inspected  after  each  cycle  to  determine  crack  initiation 
and  growth.  Testing  has  now  been  expanded  to  include  specimens 
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TIG-welded  with  various  joint  configurations,  filler  materials,  repair 
procedures,  and  weld  overlap,  and  also  electron  beam-welded 
specimens. 

From  past  experience  it  was  known  that  TIG  weld  porosity  in  this 
alloy  was  of  a  relatively  random  nature  and  existing  weld  porosity 
specifications  would  not  suffice.  A  porosity  rating  scheme  was 
therefore  devised  which  would  be  more  closely  adaptable  to  the 
characteristics  of  this  alloy  and  the  specimen  configuration  being 
employed.  This  scheme  includes  the  total  number  of  porosity  pores 
in  the  cyclic  test  specimen  gage  length  (4  inches)  and  the  number  of 
pores  in  the  worst  1  inch  of  length  to  indicate  porosity  distribution 
along  the  bead  length.  Also  included  is  the  distance  of  closest 
approach  for  pores  in  the  worst  1  inch  of  bead  length,  for  pores  out¬ 
side  of  the  worst  1  inch,  and  the  maximum  pore  diameter  in  the  speci¬ 
men  gage  area.  The  resultant  porosity  ratings  for  all  specimens 
tested  to  destruction  or  presently  being  tested  are  presented  in  Table 
VI.  Of  the  35  specimens  prepared  and  tested  to  date,  17  have  been 
cycled  to  destruction.  The  incidence  of  cracking  through  weld  poro¬ 
sity  at  each  stress  level  for  these  specimens  is  tabulated  in  Table  VII 
and  graphically  illustrated  in  Figure  10.  A  summary  of  the  conditions 
present  immediately  prior  to  and  after  failure  along  with  gas  analyses 
is  shown  in  Table  VIII.  Specimens  containing  little  or  no  weld  porosity 
fractured  at  stresses  of  170,  000-185,  000  psi  with  failures  not 
occurring  through  weld  porosity  or  prior  cracks.  In  one  instance 
(specimen  No.  5),  failure  occurred  at  125,  000  psi  and  was  not  associ- 
•ated  with  weld  porosity.  Two  specimens  (Nos.  4  and  16)  failed  at  low 
stresses  (27,000  and  68,  200  psi  respectively)  through  transverse 
weld  cracks  which  occurred  during  specimen  machining.  Schematic 
representations  of  the  weld  cracking  during  cycling  and  after  failure 
are  illustrated  in  Figures  11-20.  Fracture  surfaces  and  gage  areas 
after  failure  are  depicted  in  Figures  21-38.  Binocular  examination  of 
these  fracture  surfaces  revealed  similar  failures  to  those  obtained 
after  fracture  toughness  (Gc)  testing.  Microexamination  has 
indicated  all  weld  cracking  to  be  partially  transgranular  and 
partially  intergranular  in  nature  (Figure  39). 

From  the  data  obtained  thus  far  it  appears  that  the  TIG  weld  failure 
stresses  are  inversely  proportional  to  the  numerical  incidence 
of  porosity  above  a  certain  porosity  level  (Figure  40).  The 
weld  technique  itself  apparently  does  not  influence  the  crack 
initiation  characteristics.  Only  the  actual  amount  of  porosity 
governs  susceptibility  to  this  cracking.  The  tests  currently 
in  process  on  TIG  welds  made  using  the  improved  copper- 
fixturing  technique  have  verified  this  indication.  These  speci¬ 
mens  including  welds  with  overlap  and  manual  repairs  (parent 
metal  filler  wire)  have  been  cycled  to  approximately  110,  000  psi 
with  no  cracking  observed  except  in  one  of  several  repaired  areas. 
These  welds,  characteristic  of  the  improved  technique,  contain 
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essentially  no  porosity  with  the  exception  of  the  manual  repairs 
(Table  VI).  The  incidence  of  cracking  at  each  stress  level  for  these 
specimens  is  tabulated  in  Table  IX. 

Analyses  of  the  electron  beaim  weld  results  has  been  hampered  by 
difficulties  encountered  in  interpreting  the  radiographs.  The  narrow 
weld  beads  and  small  porosity  and  crack  lengths  characteristic  of 
this  welding  process  preclude  the  use  of  standard  radiographic  techni¬ 
ques.  To  circumvent  this  problem,  equipment  capable  of  producing 
higher  magnification  radiographs  would  be  necessary.  In  addition 
and  in  contrast  to  the  TIG-welded  specimens,  all  of  the  electron 
beam- welded  samples  tested  to  date  have  failed  with  origins  outside 
of  the  weld  beads.  For  this  reason  the  resultant  failure  stresses 
(130,  000  -  160,  000  psi)  are  not  representative.  This  type  of  failure 
is  apparently  due  to  the  narrow  bead  widths  (approximately  0. 150  inch) 
which  produce  a  condition  more  favorable  for  parent  metal  failure. 
Apparently,  electron  beam  welds  are  less  sensitive  than  TIG  welds 
to  an  equivalent  amount  of  porosity.  This  indication  may  be  attri¬ 
butable  to  the  slightly  greater  ductility  and  toughness  of  electron 
beam  welds  as  reported  in  Technical  Report  No.  WAL  766.2/1-4. 

Additional  specimens  for  cyclic  test  evaluation  have  been  prepared 
from  panels  with  various  hydrogen  contents  TIG-welded  using  the 
improved  copper  fixturing  technique.  Nominal  parent  material 
hydrogen  levels  of  50  ppm(vacuum  annealed),  100  ppm  (as -received) 
and  300,  700  and  1000  ppm  (cathodically  hydrogenated)  are  being 
evaluated.  All  panels  were  welded  with  vacuum-annealed  filler 
wire  except  the  vacuuni-annealed  and  as-received  material  which 
was  welded  with  both  vacuum-annealed  and  high  hydrogen  (  approxi¬ 
mately  250  ppm)  filler  wire.  Gas  analyses  (hydrogen  and  oxygen) 
of  the  parent  metal,  filler  wire  and  resultant  weld  beads  are  tabu¬ 
lated  in  Table  X.  Radiographic  inspection  of  these  panels  showed 
moderate  to  severe  weld  porosity  (Table  VI).  This  incidence  of 
porosity  using  the  improved  copper-fixturing  technique  cannot  be 
explained  at  this  time.  No  correlation  was  evident  between  the  amount 
6f  weld  porosity  and  the  parent  metal  or  weld  bead  hydrogen  content. 

For  comparison  with  the  results  obtained  to  date  on  B-120  VGA 
titanium  alloy,  cyclic  testing  will  be  conducted  on  TIG-welded 
AISI  H-11  steel  and  6A1-4V  titanium  alloy.  These  two  materials  are 
presently  being  used  in  production  motor  case  fabrication.  Speci¬ 
mens  of  AISI  H-11  steel  (0.077-inch  thick)  have  been  machined  and 
are  presently  being  heat  treated  to  the  200,  000  psi  yield  strength 
level  prior  to  cyclic  testing.  These  specimens  are  being  austenitized 
at  1850F  for  30  minutes,  air-cooled  and  triple-tempered  at  1050F 
for  two  hours.  A  purchase  order  has  been  initiated  for  6A1-4V  titani¬ 
um  alloy  sheet  stock  for  similar  testing.  Upon  receipt,  this  material 
will  be  TIG-welded  in  the  solution-treated  and  half-aged  condition 
using  AMS  4951  (commercially  pure  titanium)  filler  wire  and  then 
half-aged  prior  to  machining. 
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To  evahiate  the  effects  of  cold  working  on  the  toughness  of  TIG- 
welded  material,  panels  prepared  with  double  longitudinally - 
disposed  welds  were  reduced  30,  40  and  50  per  cent  by  cold  rolling 
parallel  to  the  weld  bead  axes.  These  panels  were  subsequently 
machined  into  fracture  toughness  (G(.)  specimens  with  notches 
positioned  to  produce  cracking  transversely  through  the  cold-rolled 
beads.  Concurrent  with  these  tests,  cold-rolled  and  aged  parent 
metal  specimens  were  machined  to  thicknesses  corresponding  to 
those  of  the  roll-reduced  specimens  to  determine  the  effect  of  thick¬ 
ness  alone  on  toughness  (G^.)  values.  Table  XI  and  Figure  41  present 
the  results  obtained  on  both  the  parent  metal  and  welded  specimens. 
The  fracture  surfaces  of  the  parent  metal  specimens  are  shown  in 
Figure  42.  From  these  data,  it  appears  that  there  is  a  decrease  in 
weld  toughness  with  increasing  cold  reduction  and  the  usual  effect  of 
thickness  (G^  increasing  with  decreasing  thickness)  on  toughness  is 
concealed.  Additional  specimens  are  being  prepared  to  confirm  these 
data  and  investigate  the  effect  of  lower  reduction  (10-20  per  cent). 

To  study  the  effect  of  roller  geometry,  angle  and  other  parameters 
on  radial  growth  and  bulging  during  flow-turning  (See  Section  £ 
on  flow-turning  development)  a  series  of  9.  4-inch  and  14-inch 
diameter  rolled  and  welded  blanks  has  been  prepared.  Prior  to 
preparation  of  these  blanks,  a  series  of  experimental  plate  stock 
panels  (0.  375-inch  thick)were  TIG-welded  to  determine  the  optimum 
weld  schedules  to  be  employed.  Both  manual  (four  pass)  and 
automatic  (two  pass)  welding  methods  were  evaluated  concurrently 
with  different  joint  configurations.  Although  both  methods  produced 
reasonably  good  ductility  (105*  bend  angle  with  bend  diameter  of 
8.0  -  11.0  times  the  thickness)  the  automatic  method  (double  pass) 
was  selected  because  of  improved  uniformity  and  relative  freedom - 
from  porosity.  Figures  43  -  46  illustrate  the  macrostructures  and 
fracture  surfaces  obtained  from  the  two  methods  described.  A 
V-type  prepared  joint  configuration  with  an  included  angle  of  80* 
and  0.  100-inch  land  was  utilized. 

D.  Forging  Practice 

1 .  Press-F  urging 

Evaluation  of  subscale  14-inch  diameter  dome  forgings  EFM-8 
and  EFM-10  has  been  concluded.  Dome  EFM-8  had  been  forged 
by  the  pancake  and  preform  technique  in  three  operations  at 
2000F  (pancake),  2000F  (preform)  and  1850F  (closed  die). 
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Dome  EFM-10  had  been  forged  by  the  dogbone  method  in  two 
operations  at  1850F.  In  addition,  limited  data  has  been  obtained 
on  dome  EFM-9  forged  by  the  pancake  and  preform  method  in 
three  operations  at  1850F.  This  dome  did  not  fill  the  dies 
during  the  final  closed-die  operation  and  has  been  restruck  at 
1750F  (approximately  30  per  cent  reduction).  Results  after 
this  restrike  are  expected  to  aid  in  determining  the  feasibility 
of  full  scale  dome  forging  at  temperatures  lower  than  1850F 
with  lower  reductions  • 

Wyman-Gordon  has  determined  the  aging  response  of  domes 
EFM-8  and  EFM-10  at  900F  and  at  900F  after  an  interim  1450F 
treatment.  The  data  for  EFM-8  tabulated  in  Table  XII  showed 
higher  strengths  toward  the  skirt  areas  and  generally  lower 
ductility  than  experienced  with  domes  forged  at  lower  tempera¬ 
tures  (1650  -  1700F).  Dome  EFM-10  forged  by  the  dogbone 
method  showed  better  ductility  than  dome  EFM-8  forged  by  the 
pancake  and  preform  technique  (Table  XIII).  In  both  instances, 
aging  at  900F  after  a  1450F  treatment  produced  improved  unifor¬ 
mity  of  properties  and  ductility  as  compared  with  direct  aging 
at  900F.  Macroexamination  of  these  domes  showing  uniformly 
coarse  grain  structures  throughout  (Figures  47  and  48).  Speci¬ 
mens  were  also  machined  from  samples  trepanned  from  the  pole 
and  sectioned  from  the  skirt  locations  of  dome  EFM-9  prior  to 
restrike.  These  specimens  were  aged  at  900F  for  24  hours 
following  an  intermediate  solution  treatment  at  1450F  for  30 
minutes.  These  data  also  showed  poor  ductility  (2.  0-4.  0  per 
cent  elongation)  with  higher  strengths  at  the  skirt  location 
(Table  XIV). 

Pratt  b  Whitney  Aircraft  has  further  evaluated  the  uniformity 
of  tensile  properties  in  domes  EFM-8  and  EFM-10.  Smooth 
and  notched  (Kf=8)  tensile  specimens  have  been  machined  from 
various  locations  after  aging  to  the  180,  000  psi  yield  strength 
level.  Aging  treatments  at  900F  and  at  900F  following  an  interim 
1450F  treatment  were  evaluated.  The  resultant  data,  shown 
in  Tables  XV  and  XVI,  again  indicated  poor  ductility  for  pancake 
and  preform  dome  EFM-8.  The  ductility  of  dogbone  dome  EFM- 
10  was  superior,  but  erratic  elongation  values  as  low  as  2.5 
per  cent  were  evident.  In  both  cases,  the  interim  1450F  treat¬ 
ment  improved  property  uniformity  and  in  the  case  of  dogbone 
dome  EFM-10  also  increased  the  ductility.  The  interim  solution 
treatment  decreased  the  aged  ductility  of  pancake  and  preform 
dome  EFM-8.  Plots  illustrating  property  uniformity  for  these 
domes  are  shown  in  Figures  49  and  50.  Microexamination  of 
both  domes  showed  a  relatively  coarse  grain  size,  little  work¬ 
ing  and  a  coarse  and  nonuniform  aging  constituent  (Figure  51). 
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The  poor  ductility  of  these  subscale  domes  relative  to  those 
previously  forged  at  lower  temperatures  (1650-1700F)  is 
probably  attributable  to  the  higher  forging  temperature  (1850F) 
but  analysis  is  complicated  by  the  long  1850F  furnace  soaking 
times  received  by  these  pieces.  As  reported  in  Technical  Report 
No.  766.2/1-4,  these  domes  were  heated  for  3.7-4.  0  hours  at 
1850F  prior  to  the  final  forging  operation.  It  is  impossible  at 
this  time  to  determine  the  relative  effects  of  1)  furnace  tempera¬ 
ture  and  2)  heating  time  at  furnace  temperature,  although  the 
latter  is  believed  to  play  a  minor  role. 

Evaluation  of  the  first  full  scale  40-inch  diameter  dome  EJO-1 
has  been  completed.  This  dome  had  been  forged  in  three 
operations  at  1700F  by  the  pancake  and  preform  method  and 
then  restruck  at  1900F  due  to  incomplete  die  closure  during  the 
final  1700F  operation.  Wyman-Gordon  aging  response  determina¬ 
tions  and  preliminary  Pratt  b  Whitney  Aircraft  testing  had  shown 
poor  ductility  after  both  direct  aging  at  900F  and  aging  at  900F 
following  1400F  and  1450F  treatments.  Additional  testing  has 
been  conducted  to  better  establish  the  response  using  the  above 
aging  heat  treatments  and  determine  the  uniformity  of  tensile 
properties  in  the  polar  and  offset  (thrust  reverser)  boss  loca¬ 
tions.  Specimen  blanks  were  cut  in  the  radial  direction  from 
the  mid-radius  location  and  machined  into  smooth  tensile  speci¬ 
mens  after  direct  aging  for  various  times  at  900F  and  at  900F 
following  1400F  and  1450F  solution  treatments .  These  data 
showed  poor  tensile  ductility  (0.5-3. 5  per  cent  elongation)  for 
all  aging  times  (16-32  hours)  including  those  resulting  in  yield 
strengths  as  low  as  165,000-170,  000  psi  (Table  XVII).  Additional 
blanks  were  cut  from  various  locations  in  the  polar  boss  and 
one  of  the  offset  (thrust  reverser)  bosses  and  machined  into 
smooth  tensile  specimens  after  aging  at  900F  for  24  hours  follow¬ 
ing  solution  treatment  at  1450F  for  30  minutes.  These  results 
also  showed  poor  ductility  but  satisfactory  yield  strength 
uniformity  within  the  bosses  and  as  compared  with  other  dome 
locations.  Tensile  properties  and  specimen  locations  are  shown 
in  Tables  XVIII  and  XIX.  Microexamination  of  this  dome  re¬ 
vealed  a  coarse  and  equi-axed  grain  structure  with  no  evidence 
of  working  and  nonuniform  distribution  of  aging  precipitate 
(Figures  52  and  53). 

In  an  attempt  to  improve  the  unsatisfactory  ductility  discussed 
above,  axial  blanks  were  cut  from  the  skirt  area  of  the  full 
scale  dome  (EJO-1),  heat  treated  at  1800F  for  5  minutes  and 
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aged  at  900F  for  24  hours.  Additional  blanks  were  similarly 
heated  at  1800F,  solution-treated  at  1400F  and  1450F  for 
15-30  minutes  and  aged  at  900F  for  24  hours.  These  and  similar 
heat  treatments  had  indicated  improved  ductility  on  aging  of 
full  scale  40-inch  diameter  rolled  ring  samples  evaluated  previous 
ly  (Technical  Report  No.  WAL  766.2/1-4,  Figure  59).  The 
above  blanks  were  machined  into  smooth  tensile  specimens  and 
tested  to  yield  the  results  presented  in  Table  XX.  These  data 
showed  some  improvement  in  ductility  as  compared  with  direct 
aging  at  900F  or  solution  treating  at  1400-1450F  and  aging  at 
900F.  These  tests  conclude  the  evaluation  of  this  dome. 

Wyman-Gordon  has  press-forged  two  additional  full  scale  40- 
inch  diameter  domes,  one  front  dome  (ELiA-3)  by  the  pancake 
and  preform  technique  and  one  rear  (ELA-2)  by  the  dogbone 
technique.  Each  dome  was  forged  in  three  operations  at  1850F 
with  the  final  operation  in  closed  dies  fabricated  under  this 
contract.  Handling  and  scheduling  difficulties  encountered  during 
the  processing  of  these  pieces  necessitated  relatively  long  furnace 
heating  times  (3.  8-4.  0  hours).  Motion  pictures  were  taken  of  the 
press  gages  during  the  final  closed-die  operations  to  accurately 
determine  strain  rates  auid  peak  pressures.  Detailed  forging 
sequences  for  both  pieces  are  outlined  in  Table  XXI,  Metal 
flow  during  the  forging  of  front  dome  ELA-3  was  satisfactory  but 
the  desired  reduction  to  approximately  1.  25  inches  was  not 
accomplished,  especially  towards  the  polar  boss.  Wyman-Gordon 
is  presently  redesigning  the  die  configuration  to  permit  increased 
flow  into  the  skirt' region.  A  plug  is  also  being  trepanned  from 
the  polar  region  of  the  preform  to  allow  increased  metal  flow 
towards  the  polar  boss.  The  rear  dome  (ELA-2)  did  not  fill  the 
dies  satisfactorily  in  the  skirt  area  due  to  excessive  metal  move¬ 
ment  toward  the  pole.  To  alleviate  this  problem,  the  dogbone 
preform  configuration  is  being  revised  to  seat  lower  on  the  dies 
and  produce  more  flow  toward  the  skirt. 

In  addition  to  these  two  pieces,  Wyman-Gordon  has  completed 
the  first  two  forging  operations  at  1850F  on  an  additional  pair 
of  domes,  one  front  (ELiA-4)  and  one  rear  (ELA-1).  These 
pieces  are  to  be  final-forged  by  practices  incorporating  such 
revisions  as  are  shown  desirable  by  the  results  of  subscale  and 
full  scale  dome  evaluations  now  in  process. 

Wyman-Gordon  has  sectioned  both  completed  domes  (ELA-2  and 
ELA-3)  and  conducted  aging  response  determinations.  Macro¬ 
examination  of  radial  sections  has  shown  a  relatively  fine  grain 
structure  throughout  with  evidences  of  working  in  all  locations 
except  the  polar  and  offset  bosses  of  the  front  dome  (Figures 
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54-57).  Aging  response  tensile  data,  tabulated  in  Tables  XXII 
and  XXIII  showed  results  quite  similar  to  those  obtained  on 
subscale  14-inch  diameter  domes  EFM-8  (pancake  and  preform) 
and  EFM-10  (dogbone),  also  finish-forged  at  1850F.  Rear  dome 
E1aA-2  forged  by  the  dogbone  technique  showed  slightly  faster 
aging  response  than  front  dome  ELA-3  forged  by  the  pancake 
and  preform  method  (Figures  58  and  59).  Results  after  direct 
aging  at  900F  showed  poor  ductility  in  both  instances  and  lower 
strengths  in  the  polar  and  offset  bosses  of  the  front  dome. 

Both  domes  also  showed  higher  strengths  at  the  skirt  or  rim 
location, as  is  generally  observed  with  forgings  of  this  type. 
Solution  treatment  at  1450F  for  30  minutes  prior  to  900F  aging 
showed  strength  and  ductility  increases  for  both  parts  as  com¬ 
pared  with  direct  aging  for  similar  times  at  900F.  In  addition, 
increased  yield  strength  uniformity,  especially  in  the  front 
dome  boss  locations, resulted  on  aging  after  solution  treatment. 
Plots  illustrating  tensile  property  uniformity  after  the  above 
heat  treatments  are  shown  in  Figures  60  and  61.  After  solution 
treatment  and  aging  to  the  180,  000  psi  yield  strength  level, 
both  front  dome  EIjA-3  and  rear  dome  ELA-2  showed  unsatis¬ 
factory  ductility  (2. 0-7.0  per  cent  elongation). 

Pratt  b  Whitney  Aircraft  has  received  half- sections  of  the  above 
two  full  scale  domes  and  specimens  are  presently  being  processed 
to  determine  the  uniformity  of  smooth  and  notched  (Kt=8)  tensile 
properties  at  the  180,  000  psi  yield  strength  level.  Extensive 
tests  are  being  conducted  from  the  front  dome  boss  locations 
to  determine  uniformity, and  the  feasibility  of  using  boss  cutouts 
for  aging  response  testing  of  future  dome  forgings  for  hydro¬ 
static  testing  and  full  scale  motor  case  fabrication.  Micro¬ 
examination  to  date  in  the  as-forged  condition  has  shown  a  worked 
and  partially  recrystallized  structure  (Figure  62).  The  boss 
locations  have  not  as  yet  been  examined. 

As  discussed  previously  under  subscale  domes  EFM-8  and 
EFM-10,  the  low  ductility  of  these  full  scale  domes  may  again 
be  attributed  to  the  relatively  high  forging  temperature  (1850F) 
and/or  the  long  furnace  heating  time  (3. 8-4.0  hours)  at  1850F 
'  prior  to  the  final  closed-die  operation.  As  mentioned  before, 
however,  the  heating  time  is  considered  a  minor  factor.  It  is 
believed  that  a  forging  temperature  of  1850F  could  be  employed 
to  produce  satisfactory  aged  ductility  if  a  large  enough  reduction 
could  be  accomplished  during  the  final  forging  operation. 
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To  complete  the  microstructure  study  reported  in  Technical 
Report  WAL  766.2/1-4,  radial  samples  from  the  skirt  location 
of  the  first  full  scale  dome  forging  EJO-1  have  been  tensile 
tested  after  heat  treatment  at  1800F  for  5  and  15  minutes  and 
either  water  or  brine  quenching.  The  previous  study  was  con¬ 
ducted  using  full  scale  40-inch  diameter  rolled  ring  sections 
and  had  shown  optimum  solution-treated  smooth  and  notched 
(Kt=8)  tensile  ductility  after  water  quenching  from  1800F. 
Material  from  this  ring  was  expended  during  the  previous  study 
and  dome  EJO-1  was  therefore  utilized  for  these  tests.  Smooth 
and  notched  (Kt=8)  tensile  properties  after  the  above  heat  treat¬ 
ments  are  tabulated  in  Table  XXIV.  These  results  show  excel¬ 
lent  ductility  after  both  water  and  brine  quenching  from  1800F 
with  optimum  ductility  after  heating  at  1800F  for  5  minutes  and 
brine  quenching. 

2.  Hammer  Forging 

Additional  tensile  tests  have  been  conducted  on  pancake  No.  4 
hammer-forged  by  Ladish  in  closed  dies  in  three  operations, 
with  an  intermediate  recrystallization  treatment  (Technical 
Report  No.  WAL  766.2/1-3).  Previous  testing  of  this  pancake 
had  shown  considerably  lower  yield  strength  at  the  pancake 
center  after  direct  aging  at  900F  for  60  hours  (Technical  Report 
No.  WAL  766.2/1-4,  Figure  51).  Results  of  these  latest  tests 
showed  that  the  lower  strength  center  condition  is  restricted 
to  an  area  approximately  3.0  inches  in  diameter.  Completed 
data  from  this  pancake  are  tabulated  in  Table  XXV  and  the  uni¬ 
formity  illustrated  by  Figure  63.  This  work  completes  the 
hammer  forging  phase  of  this  program. 

3.  Ring  Rolling 

Additional  smooth  tensile  specimens  have  been  tested  from  flow- 
turned  subscale  14-inch  diameter  cylinders  No's  1-3  after 
solution  treatment  at  1400F  for  30  minutes  and  after  subsequent 
aging  at  900F  for  48-96  hours.  These  cylinders  had  been  flow- 
turned  by  the  current  two-pass  technique  (50  per  cent  reduction 
per  pass)  using  rings  rolled  in  one  operation  at  2000F,  1900F, 
and  1800F,  respectively.  The  cylinders  were  stress-relieved 
at  900F  for  one  hour  prior  to  sectioning.  Tensile  properties 
(axial  direction)  after  the  above  heat  treatments  are  tabulated 
in  Table  XXVI  and  aging  curves  shown  in  Figure  64.  These  data 
showed  very  sluggish  aging  response  for  all  three  cylinders 
(approximately  180,  000  psi  yield  strength  after  96  hours  at  900F) 
with  more  rapid  response  with  decreasing  ring  rolling  tempera- 
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ture.  Despite  the  long  aging  times  require  to  achieve 

170,  000-180,  000  psi  yield  strength,  ductilities  were  excellent 

(7.0-10.0  per  cent  elongation). 

Smooth  tensile  tests  have  also  been  conducted  on  subscale 
14-inch  diameter  rolled  ring  No.  4  after  similar  flow-turning. 
This  ring  had  been  rolled  by  Ladish  in  three  operations  at 
2000F,  1900F,  and  1800F,  respectively.  Circumferential  smooth 
tensile  specimens  were  machined  and  tested  after  aging  at  900F 
for  3  and  5  hours.  These  data,  tabulated  in  Table  XXVII,  showed 
excellent  yield  strengths  (194,  000-214,  000  psi)  and  ductility 
(4. 0-5.0  per  cent  elongation)  similar  to  those  observed  on  the 
first  three  rings.  Based  on  these  results,  rings  No's  5  and  6 
were  allocated  to  the  flow-turning  development  phase.  The 
above  described  testing  on  rings  No's  1-4  after  flow-turning 
concludes  the  subscale  portion  of  the  ring  rolling  development 
phase. 

Ladish  has  rolled  the  ten  subscale  14-inch  diameter  rings  to 
be  utilized  for  flow-turning  development.  Based  on  previous 
work,it  had  been  decided  to  roll  these  pieces  in  one  operation  at 
1900F.  Seven  of  these  pieces  were  successfully  rolled  in  one 
operation  and  water-quenched.  The  other  three  rings  required 
two  operations  at  1900F  due  to  tooling  difficulties  which  resulted 
in  "finning"  during  the  first  operation.  Complete  forging 
sequences  are  outlined  in  Table  XXVIII.  The  rings  were  then 
sized  at  1450F  and  test  rings  cut  from  each  for  annealing  deter¬ 
minations.  Tensile  specimens  were  machined  from  the  test 
rings  after  solution  treatment  at  1450F  and  1800F.  Results  of 
these  specimens  showed  satisfactory  ductility  after  solution 
treatment  at  1450F  for  30  minutes  and  the  rings  were  therefore 
given  this  treatment  (Table  XXIX).  Test  ring  samples  heat 
treated  with  the  parts  were  also  machined  into  smooth  tensile 
specimens  and  tested  to  yield  the  results  presented  in  Table 
XXX.  These  data  also  showed  adequate  ductility.  These  rings 
have  been  received  by  Pratt  8t  Whitney  Aircraft  and  are  present¬ 
ly  being  machined  into  blanks  for  the  flow-turning  development 
phase. 

Ladish  has  completed  the  rolling  of  six  of  the  seven  intended 
full  scale  40-inch  diameter  rings  in  four  operations  at  1900F. 

The  seventh  ring  failed  during  the  first  rolling  operation  ap¬ 
parently  due  to  defective  material.  Ladish  is  presently  awaiting 
replacement  material  from  the  supplier  for  this  ring.  Micro¬ 
examination  is  in  process  to  determine  the  cause  of  failure. 


PAGE  NO  19 


PRATT  •  WHITNtV  AIRCRAFT 


PWA-2031 


It  was  originally  intended  to  roll  these  pieces  in  two  operations 
at  I9OOF  based  on  the  results  of  subscale  work.  However, 
tooling  difficulties  during  the  preliminary  operations  necessitated 
a  total  of  four  passes  to  achieve  the  desired  diameter.  A  detailed 
outline  of  the  forging  sequences  for  these  pieces  is  presented 
in  Table  XXXI.  After  rolling,  the  rings  were  sized  at  1450F 
and  a  test  ring  cut  from  one  end  of  each  piece.  Microexamination 
and  tensile  testing  is  now  in  process  on  the  test  ring  material 
to  determine  the  optimum  solution  treatment  prior  to  flow¬ 
turning. 

Flow- Turning  Development 


The  fourth  subscale  14-inch  diameter  ring  flow-turned  by  the  current 
practice  (50  per  cent  reduction  per  pass)  has  been  evaluated  for 
residual  stress,  aging  response,  and  notched  (Kt=8)  toughness  after 
various  stress -relief  and  aging  heat  treatments.  Initially,  the 
cylinder  was  strain-gaged  in  the  as -flow-turned  condition  and  sec¬ 
tioned  for  residual  stress  determination.  The  resultant  strain 
gage  data  indicated  average  residual  stresses  of  188,200  psi  tension 
in  the  axial  direction  and  146,  200  psi  tension  in  the  circumferential 
direction.  Axial  smooth  tensile  specimens  were  then  machined 
and  tested  after  stress -relieving  at  850-900F  for  30  minutes  to  one 
hour  and  aging  for  various  times  at  700-900F.  A  30-minute  treatment 
at  850F  (60  per  cent  stress  relief)  which  had  been  standard  practice 
was  evaluated  for  comparison  with  one-hour  treatments  at  850- 
950F  which  yield  more  complete  stress  relief  (70-95  per  cent).  These 
data,  presented  in  Table  XXXII,  showed  most  rapid  response  after 
stress-relief  at  850F  for  30  minutes  and  subsequent  aging  at  900F. 
Most  sluggish  response  was  observed  after  stress  relief  at  900F  for 
one  hour  and  aging  at  700F.  Aging  curves  represoiting  these  data  are 
depicted  in  Figures  72-74.  Smooth  tensile  ductility  was  essentially 
equivalent  regardless  of  the  heat  treatment  sequence  employed. 

To  determine  the  stress -relief  and  aging  combination  producing 
optimum  notched  toughness,  additional  axial  smooth  and  notched 
(Kt=8)  tensile  specimens  were  machined  and  tested  after  aging  to 
the  190,  000  psi  yield  strength  level.  The  resultant  data,  tabulated 
in  Table  XXXUl,  indicated  some  trend  toward  increasing  notch 
sensitivity  with  increasing  stress-relief  and  aging  temperature. 

This  indication, however, was  not  definite  and  additional  testing  is 
being  considered  to  more  firmly  establish  an  optimum  heat  treat¬ 
ment  sequence.  It  was  encouraging  to  note  that  these  notched 
(Kt=8)  strengths  (approximately  160,000  psi)  were  the  highest 
observed  to  date  for  flow-turned  material  at  this  yield  strength 
level  (190,  000  psi). 
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Eight  9>  4-inch  diameter  blanks  fabricated  from  rolled  and  welded 
0.375-inch  thick  plate  stock  have  been  flow-turned.  The  flow¬ 
turning  was  accomplished  on  a  single  roll  60-inch  machine  utilizing 
the  parabolic  roller.  The  flow-turning  parameters  employed  are 
tabulated  in  Table  XXXIV . 

The  first  two  blanks  were  flow-turned  in  the  as-welded  condition. 

One  of  these  blanks  failed  immediately  upon  flow-turning.  The 
failure  originated  in  the  circumferential  flange  weld  in  an  area  of 
incomplete  penetration.  The  crack  propagated  axially  to  the  point 
of  roller  contact  and  continued  circumferentially  along  the  roller 

path.  The  second  blank  was  flow-turned  for  approximately  25  per 
cent  of  its  length  with  a  42  per  cent  reduction.  At  this  point  flow¬ 
turning  was  intentionally  terminated.  When  flow-turning  was 
resumed,  failure  occurred  at  the  point  of  termination.  The  fracture 
propagated  circumferentially  along  the  roller  path.  Blanks  numbers 
three  and  four  were  flow-turned  successfully  with  first  pass  reduc¬ 
tions  of  44  and  42  per  cent  and  second  pass  reductions  of  63  and 

50  per  cent.  Blank  number  three  was  annealed  at  1825F  for  30 
minutes  prior  to  flow-turning  while  cylinder  number  four  was  flow- 
turned  in  the  as -welded  condition.  Both  blanks  were  annealed 
(completely  recrystallized)  at  1600F  for  30  minutes  in  an  argon 
atmosphere  and  vapor  blast-cleaned  prior  to  the  second  flow-turn 

pass.  Figure  75  shows  a  9.4-inch  diameter  blank  as  welded, 
machined  and  flow-turned  after  the  first  and  second  passes.  Blank 
number  five  cracked  severely  on  the  inside  surface  after  the  first 
flow-turning  pass,  for  approximately  three  inches  of  its  length, 
with  a  reduction  of  25  per  cent  (commensurate  with  a  three-pass 
method).  The  cracking  is  indicative  of  insufficient  plastic  defor¬ 
mation  on  the  inside  surface  which  is  considered  to  be  the  result 

of  the  relatively  light  reduction  (25  per  cent)  during  the  first  pass. 
Subsequently,  all  blanks  were  flow-turned  in  two  passes  and 
treated  similarly  to  blank  number  three:  annealed  at  1825F  for  30 
minutes  prior  to  the  first  pass,  annealed  at  1600F  in  an  argon 
atmosphere,  and  vapor  blast-cleaned  prior  to  the  second  pass. 

The  results  of  this  series  of  flow-turning  experiments  have  indicated 
that  significant  reduction  in  radial  growth  was  achieved  with  the 
new  roller  configuration  (parabolic)  during  both  the  first  and  second 
passes.  Also,  a  definite  trend  of  decreased  radial  growth  was 
evident  with  increased  roller  feed  rate  for  both  passes. 
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The  blanks  were  free  of  bulging  after  the  first  pass  and  the  radial 
growth  (0.035  to  0.022  inch  diameter)  was  less  than  that  experienced 
during  previous  work.  Metal  tearing  occurred  on  the  inside  surface 
in  the  axial  weld  in  most  blanks  during  the  first  pass.  These  were 
generally  shallow  surface  tears  within  the  length  of  the  flow-turned 
portion  and  one  or  two  deep  tears  at  the  beginning  and  end  of  the 
flow-turned  section.  These  tears  did  not  extend  into  parent  material 
and  did  not  propagate  during  subsequent  flow-turning.  Because  of 
the  presence  of  these  tears,  the  blanks  were  not  sized  to  correct 
the  loose  fit  of  the  blank  on  the  mandrel  prior  to  the  second  pass. 

The  second  flow-turn  pass  at  the  higher  feeds  and  reductions  pro¬ 
duced  little  or  no  radial  growth.  However,  because  of  the  loose 
fit  of  the  blank,  local  bulging  occurred  on  some  blanks.  The  higher 
feeds  were  also  effective  in  reducing  the  amount  of  bulging.  ~ 

Further  optimizing  of  feeds  and  reductions  to  reduce  radial  growth 
during  the  first  pass  and  to  correct  local  bulging  during  the  second 
pass  will  be  done  on  the  14-inch  diameter  roll-forged  rings. 

F.  Metallographic  Examination 

Battelle  Memorial  Institute  has  completed  electron  microscope 
and  microprobe  analyses  of  press-forged,  flow-turned  and  TIG 
and  electron  beam-welded  material.  Results  of  electron  micro¬ 
examination  of  press-forged  pancake  DGT-2,  TIG  and  electron 
beam  welds  and  full  scale  40-inch  diameter  cylinders  which  exhibited 
extremes  in  flow-turning  behavior  were  reported  in  Technical  Report 
No.  WALi  766.2/1-3.  Additional  examination  has  been  carried  out 
on  the  flow-turned  material  to  further  substantiate  conclusions  in¬ 
dicated  by  the  initial  studies.  The  previous  examination  had  suggested 
that  unsatisfactory  flow-turnability  was  associated  with  a  more 
extensive  grain  boundary  precipitate.  More  comprehensive  study 
has  shown  that  essentially  equivalent  amounts  of  grain  boundary 
precipitate  exist  in  the  cylinders  which  did  and  did  not  flow-turn 
successfully  (Figures  65-68).  However,  the  cylinder  which  failed 
during  flow-turning  showed  a  greater  amount  of  etch  pitting  along 
grain  boundaries  not  necessarily  associated  with  a  second  phase 
(Figures  65-68).  These  pits  may  represent  localized  regions  of 
segregated  alloying  elements  or  interstitials  but  this  of  course  has 
not  been  substantiated. 

Microprobe  analyses  have  been  completed  on  samples  from  press- 
forged  pancake  DGT-2  which  had  exhibited  various  tensile  properties 
dependent  on  pancake  location.  These  specimens  included  the 
following: 


PAOC  NO  22 


^H»TT  •  WMITNEV  AlltCHAFT 


PWA-2031 


1)  Location  A  which  showed  low  /ield  strength  (175,  500  psi) 
and  low  elongation  (2.5  per  cent)  after  aging  at  900F  for 
96  hours,  and 

2)  Location  A-1  which  showed  low  yield  strength  (177,  000  psi) 
and  high  elongation  (8.0  per  cent)  after  aging  at  900F  for 
96  hours. 

Light  and  electron  microscopy  of  these  specimens  had  shown  that 
lower  strength  in  samples  A  and  A-1  was  associated  with  less  dense 
aging  constituent  as  compared  with  higher  strength  regions.  In 
addition,  the  low  ductility  of  sample  A  (2.5  per  cent  elongation)  had 
been  attributed  to  dense  grain  boundary  precipitate  and  adjacent 
areas  with  a  very  low  concentration  of  constituent.  (Technical  Report 
No.  WAL  766.2/1-3).  Analyses  for  chromium,  vanadium  and 
aluminum  were  made  on  these  samples  at  two-micron  intervals  in 
a  traverse  across  grain  boundaries.  These  traverses,  depicted 
in  Figures  69**71  showed  no  evidence  of  grain  boundary  segregation. 
In  addition,  no  composition  variations  were  evident  upon  traversing 
from  a  grain  exhibiting  dense  constituent  to  one  showing  less  dense 
constituent.  Fluctuations  in  element  concentration  did  occur  but 
these  appeared  to  be  quite  random  and  not  associated  with  grain 
boundary  locations.  The  absolute  magnitudes  of  the  concentrations 
are  not  significant  because  the  probe  was  not  calibrated  since  only 
concentration  variations  were  of  interest. 

G.  Full  Scale  Components 

The  first  front  and  rear  domes  forged  on  the  new  dies  have  been 
sectioned  and  are  being  evaluated.  The  second  front  and  rear  domes 
have  been  processed  through  the  preform  operation  concurrently 
with  and  similar  to  the  first  domes,  but  the  finish  forging  operations 
are  being  held  until  the  evaluation  of  the  first  domes  and  of  the  sub¬ 
scale  dome  EFM-9  has  been  completed. 
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IV  CONCLUSIONS 

Based  on  limited  data  (notched  and  sustained  notched  tensile  strengths) 
on  a  full  scale  40-inch  diameter  cylinder, a  hydrogen  content  of  240  ppm 
has  no  detrimental  effect  at  room  temperature  on  flow-turned  material 
aged  to  the  180,  000  psi  yield  strength  level. 

TIG  welding  using  an  improved  copper-fixturing  technique  produces 
more  uniform  weld  bead  geometry,  substantially  less  weld  porosity 
but  no  significant  improvement  in  tensile  ductility  or  fracture  toughness 
(Gc)  as  compared  with  present  method  (steel  fixturing). 

Using  the  cyclic  test  method  described,  the  failure  stress  for  TIG- 
welded  material  is  inversely  proportional  to  the  numerical  incidence 
of  porosity,  regardless  of  the  weld  technique.  Limited  data  have 
indicated  that  electron  beam  welds  are  less  susceptible  than  TIG 
welds  to  crack  initiation  and  growth  at  weld  porosity. 

Closed-die  press  forging  of  subscale  14-inch  diameter  and  full  scale 
40-inch  diameter  domes  at  1850F  with  the  reductions  employed 
and  using  the  present  die  configuration  has  produced  low  tensile 
ductility  after  aging  to  the  180,  000  psi  yield  strength  level. 


For  subscale  14-inch  diameter  and  full  scale  40-inch  diameter  domes 
press-forged  in  closed  dies  at  1850F^  a  1450F  solution  treatment  prior 
to  900F  aging  produces  improved  tensile  ductility  and  property  uniform 
ity  as  compared  with  direct  aging  at  900F. 
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TABLE  II 

Tensile  and  Sustained  Notched  (Kj=8)  Tensile  Properties  (70F)  of 
Full  Scale  40-Inch  Diameter  Flow- Turned  Cylinder  No.  1 
(240  ppm  of  Hydrogen)  After  Aging  at  900F  for  Three  Hours 


A.  Tensile  Properties 


Direction 

T.S. 

Y.S.  (0.2%) 

Elong  ( 1 ") 

N.  T.S.  (K^=8) 

Circ. 

208. 5  ksi 

197. 9  ksL 

4.  0% 

90.  9  ksi 

Circ. 

205. 3  ksi 

195.  1 

5.  0 

113.  8 

Axial 

194.  7 

181.  2 

7.  0 

115.  6 

Axial 

196.6 

186.4 

7.  0 

125.4 

B,  Sustained  Notched  (Kt=8)  Tensile  Properties 


Specimen 
No.  . 

Direction 

Load 

Time  at 

Load 

Remarks 

1 

Circ. 

80  ksi 

7. 2  hours 

Loat^  increased  to  85.  0  ksi 

1 

Circ. 

85 

5.0 

Load  increased  to  90.  0  ksi 

1 

Circ. 

90 

53.  3 

Load  increased  to  95.  0  ksi 

1 

Circ. 

95 

6.5 

Load  increased  to  100.  Oksi 

1 

Circ. 

100 

5.0 

Load  increased  to  1 10.  Oksi 

1 

Circ. 

ro5 

5.  0 

Load  increased  to  1 15.  0  ksi 

1 

Circ. 

no 

0.  0 

Failed  on  loading 

2 

Circ. 

100 

166.  0 

Test  discontinued 

3 

Axial 

100 

5.  0 

Load  increased  to  105.  Oksi 

3 

Axial 

105 

53.4 

Load  increased  to  110.  Oksi 

3 

Axial 

115 

5.  0 

Load  increased  to  120  ksi 

3 

Axial 

120 

0.  0 

Failed  on  loading 

4 

Axial 

105 

0.  0 

Failed  on  loading 

5 

Axial 

110 

150.  0 

Test  discontinued 
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TABLE  V 

Bend  Test  Results  on  Panels  Manually  TIG-Welded 
With  Pure  Vanadium  and  With  Columbium-3.  5 
Titanium  Filler  Material 

Specimen  Filler  Torch  Gas  Bend  Bend 


No. 

Material 

Atmosphere 

Diameter 

Angle 

Remarks 

1 

Columbium-3.  5 

Titanium 

Argon 

10.2  T 

>105* 

Parent  metal 
Filler 

2 

Columbium-3.  5 

Titanium 

Argon 

8.  35 

>105 

Parent  metal 

filler 

3 

Vanadium 

Helium 

8.  35 

>105 

Parent  metal 
filler 

4 

Vanadium 

Helium 

8.  35 

26 

Weld  failure 

5 

Vanadium 

Helium 

7.2 

20 

Weld  failure 

6 

Vanadium 

Argon 

10.2 

>105 

Intact 

7 

Vanadium 

Argon 

10.2 

>105 

Intact 

8 

Vanadium 

Argon 

8.  35 

40 

Weld  failure 
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TABLE  VU 


Cyclic  TcHt  Ri‘0ult»  of  TIG  and  Electron  Beam  Weldft  Showing 
Number  of  Crack  Indications  At  Each  Stresa  Level  vVith  Failure 


ecimen 

No. 

Weld  Technique 

Aa 

.Velded 

As 

Machined 

80  KSI 

80  KSI 

80  KSI 

Number  of  Crack  Indications 

86  KSI  90  KSI  96  KSI  100  KSI 

106  KSI 

110  KSI 

11  6  KSI  U< 

1 

Single  paia  TIG  weld, 
preaent  technique 

0 

0 

-- 

-- 

-- 

14 

16 

16 

18 

18 

18  18< 

2 

Single  paaa  TIG  weld,  present 
technique  with  overlap 

0 

0 

- 

- 

-- 

-- 

14 

14 

14 

14 

14 

17  20 

1 

Single  pais  TIG  weld,  present 
technique  100  ppm  hydrogen 

0 

J 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0  0 

4 

Single  pass  TIG  weld,  present 
technique  200  ppm  hydrogen 

0 

(1) 

S 

Single  pass  TIG  weld,  present 
t<  vhnique  300  ppm  hydrogen 

0 

0 

l 

3 

3 

4 

4 

4 

4 

4 

5 

7  7 

& 

Two  pass  TIG  weld,  V  type  joint 

0 

1 

. 

1 

1 

1 

1 

1 

1 

1  i 

7 

Three  pass  TIG  wel<l,  V  type  joint 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

2  i 

8 

Three  paaa  TIG  weld,  V  type  joint 

0 

8 

16 

23 

23 

36 

36 

36 

35 

41 

4\* 

9 

Single  pasa  TIG  weld.  AMS  4961 
filler  wire 

0 

0 

0 

0 

0 

0 

0 

0 

I 

1 

3 

3  ( 

10 

lniprove<l  copper  fixturing  to*  hnique 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0  1 

1 1 

Improved  copper  (ixturtng  technique 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0  1 

16 

Single  pass  TIG  weld,  no  filler  wire 

0 

1 

19 

Llei-tron  beam  weld,  no  filler  wire 

oO'*) 

0 

0 

0 

J 

0 

0 

>J 

,) 

0 

0 

0 

20 

Electron  beam  weld,  no  filler  wire 

0 

0 

0 

0 

0 

0 

0 

0 

2 

PWA-2031 


lOS  KSI 

1 10  KSI 

IIS  KSI 

120  KSI 

US  KSI 

1  30  KSI 

13S  KSI 

140  KSI 

14S  KSI 

ISO  KSI 

ISS  KSI 

IbO  KSI 

IbS  KSI 

1  70  KSI  ns  KSI  UO  KSI 

18 

18 

18 

18* 

14 

14 

17 

20 

20* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0  (1)  (2) 

4 

s 

7 

7 

7* 

1 

1 

1 

2 

S 

s 

s+ 

1 

1 

2 

2 

7 

9 

9 

9 

9 

9 

9* 

41 

41  + 

1 

3 

3 

b 

<3 

6 

<> 

b 

6 

8 

8 

9 

10 

10 

10 

10* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0* 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(U 

(»>• 

0 

0 

0 

0 

1 

1 

, 

3 

* 

Tabic  VIl  (Com.  ) 


Specimen 

No. 

Weld  Technique 

As 

Welded 

A* 

Machined 

80  KSl 

80  KSl 

80  KSl 

Number  of  Crack  Indications 

85  KSl  90  KSl  95  KSl  100  KSl 

105  KSI 

110  KSl 

115  KSl 

120  KSl 

125 

21 

Electron  beam  weld, 

no  filler  wire 

o(-i‘) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

22 

Electron  beam  weld, 

preplaced 

o(^i| 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0* 

filler  wire 

23 

Electron  beam  weld, 

preplaced 

0(i3| 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-- 

-- 

filler  wire 


*Dcnotes  fracture 

0  Numbers  in  parenthetia  denote  cracks  not  asaociated  with  porosity 


(4)  Failed  at  26.  8  KSl  through  prior  crack  not  associated  with  porosity 
(16)  Failed  at  68.  2  KSI  through  prior  crack  not  associated  with  porosity 


(191  * 
(JO) 
(ill  , 
(JJI 
ill) 


Crick  indicitioni  uncertlin  due  to  difficulty  in  rldiogriph  interpretition; 


readings  discontinued  as  shown 
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00  KSI  \0S  KSI  110  KSI  11  5  KSI  UP  KSl  US  KSI  130  KSI  135  KSI  140  KSl  145  KSl  150  KSl  155  KSl  160  KSl  165  KSI  170  KSl  175  KSl  180  KSl  185  KSl 
0  0  0  0 
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Analyses  Of  Cyclic  Test  Specimens  TIG- Welded  Using  Parent 
Metal  Filler  Wire  With  Various  Hydrogen  Contents 
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TABLE  XI 

Fracture  Toughnea*  (G^)  Teat  Reaulta  On  Cold-Rolled  TIG  Welda  And  Cold-Rolled 
And  Aged  Sheet  Stock  Of  Varioua  Thickneaaea 
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TABLE  XV 

Pratt  k  Whitney  Aircraft  Tensile  Properties  (70F)  of  Subscale  14-Inch 
Diameter  Dome  EFM-8  Press-Forged  at  1850F  by  the 
Pancake  and  Preform  Technique 


NTS 

Heat  Y.S.  Y.S.  (Kt=8) 


>ecimen  No. 

Direction 

Treatment 

TS 

(0.2W 

(0.02%) 

Elong. 

RA 

ksi 

5 

Radial 

900F(70)AC 

190.5 

ksi 

180.0  ksi 

171.5  ksi 

4.5% 

3.3% 

103. 0  ksi 

6 

fi 

It 

194.0 

179.5 

173.5 

4.0 

4.7 

113.2 

7 

It 

It 

201.0 

193.0 

185.5 

3.0 

2.2 

107.6 

13 

Circ. 

ti 

195.0 

180.0 

107.0 

3.0 

3.4 

122.2 

14 

It 

It 

210.0 

205.0 

196.0 

0.5 

1.1 

107.2 

4 

Radial 

1450(1/2) 

WQ+900F(48) 

AC 

188.0 

175.7 

155.5 

2.0 

8.0 

114.2 

3 

ft 

It 

193.9 

183.8 

146.0 

2 

5.5 

122.0 

2 

It 

It 

197.3 

187.3 

177.3 

1.5 

5.0 

126.5 

1 

It 

It 

196.0 

192.6 

180.6 

1.0 

2.5 

124.0 

11 

Circ. 

It 

194.7 

182.0 

142.3 

1.0 

7.0 

119.0^ 

12 

It 

It 

% 

198.8 

192.9 

175.0 

1.0 

3.0 

105.8. 
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Pratt  U  Whitney  Aircraft  Tensile  Properties  (70F)  of  Subscale  14-Inch 
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TABLE  XVII 


Pratt  8c  Whitney  Aircraft  Aging  Response  Tensile  Properties  (70F)  for  Full 

Scale  Front  Dome  EJO-1  Press-Forged  at 
1700F  and  Restruck  at  1900F 


Heat  Treatment 

T.S 

Y.S.  (0.2%) 

Elong  d") 

R.A. 

900F(16)AC 

177.6  ksi 

165. 3  ksi 

3.5% 

7.0% 

900F(24)AC 

190.6 

186.3 

0.5 

5.5 

900F(32)AC 

198.6 

185.7 

2.5 

5.0 

1400F  (1/2)WQ  + 
900P  (16)  AC 

X 

188.5 

175.3 

2.0 

5.0 

T 

900F  (24)  AC 

X 

186.2 

170.  1 

2.0 

7.5 

T 

900F  (32)  AC 

1450F  (1/2)  WQ  + 

196.3 

183.3 

2.0 

5.0 

900F  (16)  AC 

X 

186.0 

174.3 

2.0 

5.5 

T 

900F  (24)  AC 

X 

197.4 

183.4 

3.0 

5.0 

T 

900F  (32)  AC 

200.0 

189.2 

2.5 

5.5 

Note:  Specimens  machined  in  radial  direction  from  mid-radius  location  of  dome. 
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TABLE  XVIU 


Tensile  Properties  (70F)  of  Polar  Boss  From 
Full  Scale  40*inch  Diameter  Front  Dome 
EJO-1  Press-Forged  at  1700F  and 
Restruck  at  1900F 


Solution 

Treatment 

Ase 

Location  TS. 

Y.S.  (0.2%) 

Y.S.  (0.02%) 

Elonad")  R.A 

1450F(1/2)WQ 

900F  (24)AC  1 

188.6  ksi 

182.8  ksi 

174.6  ksi 

2.0% 

5.0% 

It 

tl 

1 

181.4 

175.4 

164.8 

1.5 

3.0 

tl 

II 

2 

186.8 

176.5 

157.3 

1.5 

3.0 

II 

tl 

2 

186.5 

178.5 

170.5 

2.0 

6.0 

II 

3 

192.0 

185.4 

175.2 

1.0 

4.0 

II 

tl 

3 

192.3 

187.2 

171.4 

1.0 

4.0 

tl 

tl 

4 

192.3 

180.3 

169.5 

2.0 

3.5 

tl 

tl 

5 

182.8 

176.8 

167.5 

2.0 

4.0 
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TABLE  XX 

Tensile  Properties  {70F)  of  Full  Scale  40-Inch  Diameter 
Front  Dome  EJO-l  Aged  at  900F  After  Various  Solution  Treatments 


Solution 

Treatment 

Age 

T.S. 

Y.S.  (0.2%) 

Y.S.(0.  02%) 

(1") 

Elong. 

R.  A. 

None 

24 

187.8  ksi 

179.  3  ksi 

170.  5  ksi 

1.5% 

8.2% 

1450F(1/2)WQ 

1800F(1/12)WQ 

X 

24 

197.4 

185.7 

181.0 

1.5 

6.4 

T 

1400F(1/4)WQ 

16 

195.8 

181.0 

166.2 

2.5 

5.  5 

1800F(1/12)WQ 

X 

24 

199.6 

189.0 

177.1 

1.  0 

4.0 

T 

1400F(1/2)WQ 

16 

193.0 

179.0 

167.0 

1.5 

5.  5 

1800F(1/12)WQ 

X 

24 

199.6 

186.2 

174.0 

2.0 

5.0 

T 

1450F(1/4)WQ 

16 

197.  1 

181.7 

167.0 

3.5 

8.0 

1800F(1/12)WQ 

X 

24 

202.5 

182.0 

172.  5 

3.0 

7.0 

T 

1450F(1/2)WQ 

16 

195.4 

178.3 

163.  3 

2.5 

5.0 

24 

199.0 

180.2 

167.8 

2.5 

4.0 
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TABLE  XXI 

Forging  Sequence  For  Full  Scale  40-Inch  Diameter  Domes 

ELA-1  ELA-2 


A.  Rear  Domes  (Dogbone  Method) 


Billet  (13"  diameter  x  21  1/2"  long 

Heated  to 

1700Ffor  2  hrs  + 
1850Ffor  2  1/3  hrs. 

1850Ffor  2  1/3  hrs 

Pancaking  operation 

On  die 

Paused  at  11"  thick  to  add  lubrication 
Finished 

Strain  Rate 

Dimensions  of  pancake 

1675  F 

1630  F 

1635  F 

2  ft/min 

5"  thick  X  27"  dia. 

1675  F 

1630  F 

1635  F 

2  ft/ min 

5"  thick  X  27"  dia. 

Dogbone  preform  operation 

In  furnace 

On  die 

Finished 

Strain  Rate 

Press  pressure 

• 

1850Ffor  3  hrs 
not  recorded 

1640F 

2  ft/min 

54,  000  tons 

Finish  Forging  operation 

In  furnace 

On  die 

Finished 

1850Ffor  3  hrs  50" 
1600  F 

1530  F 

B.  Front  Domes  (Pancake  and  Preform  Method) 

ELA-3  ELA-4 


Billet  (13"  dia.  x  23  1/4"  long) 

Heated  to  ITOOFfor  2  1/2  hrs+ 

ISSOpfor  2hrs  lOmin 


Pancaking  operation 

On  die  1620  F 

Paused  at  11"  thick  to  add  lubrication  1590  F 

Finished  1610  F 

Strain  rate  2  ft/ min 

Pancake  dimensions  5.  58"  x  27"  dia. 


1665  F 
1630  F 
1640  F 
2  ft/min 
5.68"  X  27"  dia. 
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Table  XXI  (Cont.  ) 


ELA-3 

ELA>4 

Preform  forging 

In  furnace 

1850Ffor  3  1/4  hrs 

1850  for  3  hrs  17" 

On  die 

1610  F 

1640  F 

Finish 

1550  F 

1550  F 

Strain  rate 

2  ft/min 

2  ft/min 

Finish  forging  operation 

In  furnace 

1850F  for  2  hrs 

On  die 

1630F 

1st  reheat  in  furnace 

1850F  for  40  min 

, 

On  die 

1 58  OF 

2nd  reheat  in  furnace 

1850Ffor  45  min 

On  die 

1630F 

3rd  reheat  in  furnace 

1850Ffor  35  min 

On  die 

1620F 

Finish 

<1400F 
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TABLE  XXIV 

Tensile  Properties  (70F)  of  Full  Scale  40-Inch  Diameter 
Press-Forged  Front  Dome  EJO-1  After  Solution  Treatment 
At  1800F  and  Either  Brine  Or  Water  Quenching 


Solution 


Treatment 

T.S. 

Y.S.  (0.2%) 

Y.S  .(0.  02%) 

Elong. 1" 

R.  A. 

1800F 

(l/12)BQ* 

135.4  KSI 

128.  5  KSI 

119.  0  KSI 

16.  5% 

43.  0% 

18  OOF 

(1/12)BQ* 

134.8 

129.7 

120.5 

20.0 

52.  5 

18  OOF 

(1/12)BQ* 

194.2 

Notched  K^b8 

18  OOF 

(1/12)BQ* 

196.5 

Notched  Kt^S 

18  OOF 

(1/4)BQ 

130.  5 

129.8 

122.4 

20.0 

44.  5 

1800F 

(1/4)BQ 

134.  1 

130.0 

119.8 

17.  0 

43.  0 

1800F 

(1/4)BQ 

159.4 

Notched  K^*>8 

1800F 

(1/4)BQ 

129. 2*** 

Notched  K^bO 

1800F 

(1/12)WQ** 

137.  2 

123.6 

118.5 

17.0 

48.  5 

18  OOF 

(1/12)  WQ** 

138.  0 

127.  5 

118.3 

14.0 

38.  0 

1800F 

(1/12)WQ** 

203.5 

Notched  K.b8 

1800F 

(1/12)WQ** 

205.2 

Notched  kJbO 

1800F 

(1/4)WQ 

132.  3 

129.6 

125.3 

19.0 

47.5 

1800F 

(1/4)WQ 

132.  5 

124.  5 

122.5 

21.0 

54.7 

1800F 

(1/4)WQ 

180.  7 

Notched  K  b8 

1800F 

(1/4)WQ 

194.0 

*10  per  cent  brine  quench 

♦  ♦water  quench 

♦  ♦♦specimen  was  cracked  longitudinally  prior  to  test  apparently  due  to 

severity  of  quench 
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TABLE  XXV 

Pratt  b  Whitney  Aircraft  Tensile  Properties  (70F)  of  Hammer- 
Forged  Pancake  No.  4  Upset  In  Three  Operations  With  An 
Intermediate  Recrystallization  Treatment 


Location 

Age 

T.S. 

y.S.  (0.2%) 

Elong. (1") 

R.  A. 

1 

900F(60)AC 

212.  0  ksi 

186. 8  ksi 

2.5% 

5.0% 

2 

900F(60)AC 

198.8 

184.5 

2.  5 

8.0 

3 

900F(60)AC 

180.7 

165.6 

2.5 

7.0 

4 

900F(60)AC 

201.0 

184.5 

2.5 

6.0 

5 

900F(60)AC 

197.2 

181.5 

2.2 

5.5 

2.5 

900F(60)AC 

199.4 

182.0 

1.5 

6.0 

3.5 

900F(60)AC 

202.  5 

184 

2.5 

4.5 

6 

900F(60)AC 

207.5 

188.  0 

1.  5 

4.0 

7 

900F(60)AC 

203.  5 

185.8 

1.  5 

6.0 

8 

900F(60)AC 

208.  0 

189.8 

3.5 

5.0 
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TABLE  XXVI 

Axial  Tenaile  Properties  (70F)  of  Subscale  14-Inch 
Diameter  Flow-Turned  Cylinders  Nos.  1,  2  and  3 
After  Solution  Treatment  at  1400F  and  Aging  at  900F 


Solution 

Treatment 

Age 

Cylinder 

No. 

T.S. 

Y.S.(0.  2%) 

Y.S. 

(0.  02%) 

(1") 

Elong. 

1400F(1/2)WQ 

None 

1 

1 36. 5  ksi 

130.8  ksi 

123.8  ksi 

20.0% 

1400F(1/2)WQ 

900F(48)AC 

1 

171.  5 

155.  3 

144.0 

11.0 

1400F(1/2)WQ 

900F(72)AC 

1 

180.  0 

164.  5 

156.7 

11.0 

1400F(1/2)WQ 

900F(96)AC 

1 

193.2 

173.  8 

162.2 

8.0 

1400F(1/2)WQ 

None 

2 

136.2 

131.  9 

126.2 

18.0 

1400F(1/2)WQ 

900F(48)AC 

2 

164.0 

148.  7 

140.5 

11.0 

1400F(1/2)WQ 

900F(72)AC 

2 

189.7 

170.  0 

154.9 

10.0 

1400F(1/2)WQ 

900F(96)AC 

2 

198.6 

180.  0 

167.  3 

7.0 

1400F(1/2)WQ 

None 

3 

145.5 

140.9 

134.0 

18.0 

1400F(l/2)WQ 

900F(48)AC 

3  , 

180.2 

169.  5 

159.0 

11.0 

1400F(l/2)WQ 

900F(72)AC 

3 

193.8 

174.  0 

163.9 

9.0 

1400F(1/2)WQ 

900F(96)AC 

3 

211.  5 

187.4 

174.  2 

8.0 
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TABLE  XX Vn 

Circumferential  Tensile  Properties  (70F)  of  Subscale  14-Inch 
Diameter  Flow-Turned  Cylinder  No.  4  After  Aging  At  900F 


Age 

T.S. 

Y.S.  (0.2%) 

900F(3)AC 

215.0  ksi 

198.  0  ksi 

900F(3)AC 

204.0 

194.0 

900F(5)AC 

222.0 

210.  0 

900F{5)AC 

228.0 

214.0 

Y.S.  (0.02%) 

Elong  (1") 

NTS  (K»=8) 

181.  0  ksi 

4.0% 

137.  5  ksi 

176.  1 

4.0 

135.8 

142.7 

4.5 

131.8 

146.  5 

5.0 

118.4 
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TABLE  XX Vm 


Rolling  Sequence 

for  Ten  Subscale 

14-Inch  Diameter 

Rings 

Ring  No. 

Temperature 

Pass  No.  Furnace  Finish 

Approximate 

Reduction 

1 

1 

1900F 

1610F 

48.0% 

2 

1 

1900 

1650 

11.0 

2 

2 

1900 

-- 

33.  0 

3 

1 

1900 

1710 

5.0 

3 

2 

1900 

-- 

41.0 

4 

1 

1900 

1750 

10.0 

4 

2 

1900 

-- 

33.  0 

5 

1 

1900 

1620 

48.0 

6 

1 

1900 

1630 

48.0 

7 

1 

1900 

1650 

48.0 

8 

1 

1900 

1650 

48.0 

9 

1 

1900 

1620 

48.0 

10 

1 

1900 

1660 

48.0 
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TABLE  XXIX 

Ladish  Tensile  Properties  (70F)  of  Subscale  14-Inch  Diameter 
Rolled  Ring  Test  Material  After  Various  Solution  Treatments 


Solution  Treatment 

Ring  No. 

T.S. 

Y.S.  (0.2%) 

Elong.  (1") 

R.  A. 

1450F(l/4)WQ 

1 

1 35. 6  ksi 

127.4  ksi 

11.0% 

26.0% 

1450F(1/4)WQ 

1 

134.8 

128.  0 

12.  0 

24.0 

1450F(l/4)WQ 

2 

136.0 

128.6 

9.0 

20.  0 

1450F(1/4)WQ 

2 

136.8 

129.6 

9.5 

21.0 

1450F(1/4)WQ 

3 

135.  2 

128.4 

14.0 

29.0 

1450F(1/4)WQ 

3 

135.6 

129.8 

15.  5 

27.0 

1450F(1/4)WQ 

4 

133.2 

131.6 

12.  0 

26.0 

1450F(1/4)WQ 

4 

131.8 

130.4 

13.0 

29.5 

1450F(l/4)WQ 

5 

134.8 

132.5 

12.5 

27.8 

1450F(1/4)WQ 

5 

136.0 

129.8 

17.  0 

30.0 

1450F(l/4)WQ 

6 

134.2 

127.6 

11.  0 

23.5 

1450F(1/4)WQ 

6 

133.5 

130.2 

10.  0 

25.7 

1450F(l/4)WQ 

7 

135.2 

126.4 

15.0 

23.9 

1450F(1/4)WQ 

7 

134.5 

126.3 

13.5 

25.8 

1450F(l/4)WQ 

8 

132.0 

131.2 

11.0 

24.9 

1450F(1/4)WQ 

8 

134.  3 

131.9 

11.  0 

24.2 

1450F(1/4)WQ 

9 

135.0 

127.2 

10.0 

26.5 

1450F(l/4)WQ 

9 

135.  5 

133.0 

12.5 

26.7 

1450F(1/4)WQ 

10 

134.6 

132.4 

13.0 

32.8 

1450F(1/4)WQ 

10 

136.6 

128.5 

13.0 

32.4 

1450F(l/2)WQ 

4 

136.0 

131.6 

15.  0 

33.0 

1450F(1/2)WQ 

4 

136.  5 

130.8 

16.  0 

32.  0 

1450F(1/2)WQ 

9 

134.6 

131.4 

20.  0 

42.0 

1450F(l/2)WQ 

10 

136.  3 

131.2 

18.  5 

40.0 

1800F(l/4)WQ 

9 

136.  7 

131.8 

20.  0 

50.0 

1800F(1/4)WQ 

10 

136.8 

131.0 

20.  5 

52.  0 
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TABLE  XXX 

Tensile  Properties  (70F)  of  Subscale  14-Inch 
Diameter  Rolled  Rings  After  Sizing  at  1450F 
and  Solution  Treatment  at  1450F  for  30  Minutes 


Ring 

T.S. 

Y.S.(0.2%) 

Elong.  (1") 

R.  A. 

1 

1 36.  3  ksi 

126.  1  ksi 

20.  0% 

43.0% 

2 

135.  1 

122.  2 

18.7 

33.  0 

3 

136.  3 

124.  1 

24.0 

41.8 

4 

135.  3 

124.8 

20.  0 

34.0 

5 

135.  3 

124.  5 

20.0 

41.8 

6 

135.3 

124.8 

16.0 

31.3 

7 

130.2 

125.  1 

20.0 

37.0 

8 

135.0 

125.0 

23.0 

42.9 

9 

134.0 

123.  1 

17.0 

37.  1 

10 

135.9 

126.  1 

23.  0 

39.  1 
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TABLE  XXXI 

Rolling  Sequence  for  Seven  Full  Scale  40-Inch  Diameter  Rings 


Finish  Dimensions 


Ring 

Pass 

Mandrel 

Temper  ature?> 

Inside 

Wall 

No. 

No. 

Diameter 

Start 

Finish 

Diameter 

Thickness 

Reduction 

1 

5" 

1850F 

1700F 

11" 

3  3/4" 

6.3% 

2 

1 

10 

1850 

1600 

12  1/2 

3  5/8 

9.4 

2 

8 

1800 

1625 

16 

3 

17.3 

3 

8 

1860 

1610 

20 

2  3/4 

8.4 

4 

8 

1875 

1560 

38  3/8 

1  1/2 

45.5 

3 

1 

5 

1850 

1300 

14 

3  1/4 

18.8 

2 

10 

1860 

1680 

18  3/8 

3 

7.7 

3 

8 

I860 

1650 

21  3/4 

2  3/8 

20.8 

4 

8 

1880 

1650 

38  1/4 

1  1/2 

36.9 

4 

1 

7 

1850 

1400 

3  3/8 

15.6 

2 

7 

1845 

1500 

-  • 

2  15/32 

25.9 

3 

7 

1845 

1650 

30  1/4 

2 

20.0 

4 

8 

1890 

1695 

38  1/4 

1  1/2 

33.3 

5 

1 

7 

1845 

1530 

3  3/8 

15.6 

2 

7 

1850 

1550 

2  3/8 

29.5 

3 

7 

1850 

1530 

30  3/4 

2 

15.8 

4 

8 

1890 

1620 

36  11/16 

1  5/16 

34.4 

6 

1 

7 

1845 

1400 

3  3/8 

15.6 

2 

7 

1880 

1500 

-- 

2  5/8 

22.2 

3 

7 

1850 

1500 

23  1/2 

2  7/16 

8.2 

4 

8 

1890 

1695 

38  1/4 

1  1/2 

38.5 

7 

1 

7 

1840 

1510 

3  3/8 

15.6 

2 

7 

1810 

1400 

-  - 

3  1/8 

7.4 

3 

7 

1880 

1500 

20  1/2 

2  1/2 

20.0 

4 

8 

1885 

1560 

38  1/4 

1  1/2 

40.0 

*  Furnace  temperature  of  1900F;  all  rings  water-quenched  from  rolls 
after  each  pass. 

**  Ruptured  axially  and  circumferentially  during  first  pass. 
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TABLE  XXXII 


Tensile  Properties  (70F)  of  Subscale  14-Inch  Diameter 
Flow-Turned  Cylinder  No.  4  (Axial  Direction)  After 
Stress-Relieving  at  850-900F  and  Aging  at  700-900F 


Stress- 

Relief  Age 

850F(l/2)AC  None 

700F(4)AC 

700F(8)AC 

700F(12)AC 

700F(16)AC 

800F{1)AC 

800F(2)AC 

800F(4)AC 

800F(8)AC 

900F(l)AC 

900F(2)AC 

900F(4)AC 

900F(8)AC 

850F(1)AC  None 

700F(4)AC 

700F(8)AC 

700F(12)AC 

700F(16)AC 

800F(1)AC 

800F(2)AC 

800F(4)AC 

800F(8)AC 

850F(1)AC  900F(l)AC 

900F(2)AC 
900F(4)AC 
900F(8)AC 

900F(1)AC  None 

700F(4)AC 

700F(8)AC 

700(12)AC 

700F(16)AC 

800F(1)AC 

800F(2)AC 

800F(4)AC 

800F(8)AC 

900F(1)AC 

900F(2)AC 

900F(4)AC 

900F(8)AC 


T.  S. 

Y.S.{0.  2%) 

184. 8  ksi 

172. 8  ksi 

196.5 

185.0 

197.8 

183.5 

205.  5 

191.8 

209.5 

197.8 

194.3 

181.4 

198.0 

186.0 

216.0 

204.5 

233.5 

220.  5 

193.2 

181.4 

207.  0 

193.3 

228.0 

216.0 

235.0 

223.0 

187.0 

175.3 

197.5 

188.5 

200.0 

187.8 

207.0 

191.8 

210.0 

195.0 

194'.  2 

180.5 

202.5 

189.  3 

201.  5 

190.0 

224.0 

201.0 

199.0 

189.2 

208.  5 

198.0 

226.5 

213.0 

236.0 

222.0 

182.0 

170.0 

183.  3 

173.5 

186.0 

175.6 

189.0 

178.8 

193.8 

182.  2 

187.0 

171.0 

189.4 

176.0 

198.8 

183.2 

206.5 

190.8 

194.8 

180.5 

201.5 

187.4 

203.0 

189.  3 

218.0 

198.5 

Y.S.{0.  02%) 

Elong.  (1") 

157. 0  ksi 

10.0% 

173.0 

6.5 

163.2 

4.5 

166. 4 

6.5 

177.  0 

5.  5 

164.8 

5.5 

169.8 

5.5 

188.4 

5.  5 

203.5 

4.5 

171.0 

8.0 

175.8 

6.0 

200.0 

4.0 

203.5 

3.5 

158.0 

6.5 

176.3 

6.5 

175.8 

8.5 

180.5 

6.5 

176.8 

6.5 

168.0 

6.5 

177.0 

6.5 

173.6 

5.0 

190.0 

2.5 

176.0 

6.5 

187.0 

6.0 

193.0 

4.0 

205.0 

4.0 

158.0 

8.5 

163.  3 

8.5 

166.0 

8.5 

169.0 

8.5 

167.0 

6.0 

161.0 

8.5 

167.4 

8.5 

171.  3 

4.5 

177.4 

6.5 

169.7 

6.5 

177.  3 

5.0 

176.0 

6.5 

181.8 

6.0 
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TABLE  XXXIII 

Smooth  and  Notched  {K^=6)  Tensile  Properties 
(70F)  of  Subscale  14-Inch  Diametsr 
B-120VCA  Flow- Turned  Cylinder 


Stress- 

Relief 

Age 

T.S. 

Y.S.  (0.2%) 

Elong. 

(1") 

N.  T.  S. 
(K,=8) 

850F(1/2)AC 

700F(11)AC 

196. 0  ksi 

187. 3  ksi 

8.0% 

162.  3  ksi 

850F(1/2)AC 

700F(11)AC 

198.  0 

186.  3 

8.0 

160.  0 

850F(1/2)AC 

800F(2.  5)AC 

195.  7 

187.4 

6.5 

168.  1 

850F(1/2)AC 

800F(2.  5)AC 

196.  0 

187.7 

7.5 

164.  5 

850F(1/2)AC 

900F(1.  5) AC 

197.4 

188.0 

9.5 

135.6 

850F(1/2)AC 

900F(1.  5) AC 

201.  0 

192.0 

6.5 

160.  8 

850F(1)AC 

800F(3)AC 

197.  3 

185.3 

5.5 

153.  3 

850F(1)AC 

800F(3)AC 

204.  0 

185.7 

6.5 

149.  2 

900F(1)AC 

700F(18)AC 

193.' 8 

187.  0 

8.  0 

164.2 

900F(1)AC 

700F(18)AC 

194.0 

183.5 

8.0 

136.  3 

900F(1)AC 

800F(7)AC 

203.  0 

193.2 

5.5 

138.  0 

900F(1)AC 

800F(7)AC 

198.  0 

190.6 

5.5 

144.  5 

900F(1)AC 

900F(3.  5)AC 

220.  0 

207.  0 

5.  5 

128.  0 

900F(1)AC 

900F(3.  5)AC 

221.  5 

209.0 

5.  5 

122.  3 

72 


Flow-Turning  Parameters  and  Dimensions  o£  Subscale  9.  4-lnch  Diameter  Cylinders 
(Rolled  and  Welded  0.  375  Plate  Stock) 
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Figure  1 
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Figure  2 
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Figure  3 
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Figure  4 


etchamt;  Sji  HF,  35%  HNO3  mag:  500X 

TYPICAL  MICROSTRUCTURE  OF  TIG  WELD  MADE  USING  THE  IMPROVED 
COPPER  FIXTURING  TECHNIQUE 

H-23949-32 


HARDNESS  TRAVERSE  FROM  WELD  CENTER  OF  TIG  WELD 
MADE  USING  THE  IMPROVED  COPPER-FIXTURING  TECHNIQUE 
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Figure  5 


PWA.2031 


Figure  7 


etchant:  5jl  HF,  35jl  HNO3  hag:  IOX 

macrostructurc  of  hanual  tig  weld  made  with  pure  vanadium 

FILLER  MATERIAL  AND  HELIUM  TORCH  GAS  ATMOSPHERE.  HARDNESS 
DATA  (ROCKWELL  C  SCALC)  SHOWN  ABOVE 

H-23876 
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CYCLIC  LOAD  TEST  RESULTS  ON  SINGLE  -  PASS 
TIG  WELD  (SQUARE  BUTT  JOINT)  100  PPM  HYDROGEN 
PARENT  MATERIAL  (SPECIMEN  NO.  3) 


AS  WELDED 
AND 

MACHINED 
NO  CRACKS 


SO  KSI-3MIN. 

(  3  CYCLES) 
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EACH  ArSS-l48KSI 
IN  5  KSI  INCREMENTS 
NO  CHANCE 

ISO  KSI 
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ONE  3  MIN. CYCLE 
EACH  AT  160-178  KSI 


ISO  KSI 
3  MIN. 


IS8  KSI 
3  MIN. 
FRACTURE 

NO  POROSITY  NOTED  AT  FRACTURE 

NOTE:  CRACKS  NOT  INDICATED  IF  LESS  THAN  0050"  IN  LENGTH. 
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CYCLIC  LOAD  TEST  RESULTS  ON  SINGLE 
TIG  WELD  (SQUARE  BUTT  JOINT)  200 
HYDROGEN  PARENT  MATERIAL  (SPECIMEN 
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Figure  12 
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CYCLIC  LOAD  TEST  RESULTS  ON  SINGLE  -  PASS 
TIG  WELD  (SQUARE  BUTT  JOINT)  300  PPM 
HYDROGEN  PARENT  MATERIAL  (SPECIMEN  NO.  5) 


AS  WELOeO 
AND 

MACHINED 
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CYCLIC  LOAD  TEST  RESULTS  ON  TWO  -  PASS 
(  V  TYPE  JOINT)  TIG  WELD  (SPECIMEN  NO.  6) 
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CYCLIC  LOAD  TEST  RESULTS  ON  THREE  -  PASS 
(  V  TYPE  JOINT)  TIG  WELD  (SPECIMEN  NO.  7) 
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Figure  15 
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Figure  17 
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CYCLIC  LOAD  TEST  RESULTS  ON  TIG  WELD 
MADE  USING  IMPROVED  COPPER 
FIXTURE  TECHNIQUE  (SPECIMEN  NO.  11) 
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Figure  19 
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CYCLIC  LOAD  TEST  RESULTS 
ON  SINGLE  -  PASS  TIG  WELD 
(NO  FILLER  MATERIAL,  SQUARE  BUTT  JOINT) 

(SPECIMEN  NO.  16) 
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etchant:  55^  HF,  35^^  HNO3  mag:  lOOX 

MICROSTRUCTURE  OF  PLANAR  SECTION  THROUGH  TYPICAL  FAILED 
CYCLIC  TEST  SPECIMEN  SHOWING  PARTIALLY  INTERGRANULAR  - 
PARTIALLY  T R A N SG R A N U L A R  NATURE  OF  CRACKING 

H-25 754-23 


Figure  3^ 


NUMBER  OF  POROSITY  PORES 
AND  NUMBER  OF  CRACKS  THROUGH  PORES 
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FAILURE  STRESS  vs  NUMBER  OF  POROSITY 
PORES  AND  NUMBER  OF  CRACKS  THROUGH 
PORES  FOR  CYCLIC  TEST  SPECIMENS 
CONTAINING  TIG  WELDS  MADE  BY 
VARIOUS  TECHNIQUES. 


STRESS  LEVEL  AT  FAILURE  (KSI) 
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FRACTURE  TOUGHNESS  RESULTS  vs 
THICKNESS  FOR  COLD  -  ROLLED  AND 
AGED  SHEET  STOCK  AND  COLD  -  ROLLED 


0  0.020  0.040  0.060  0.060  0.100  0.120  0.140 

SPEOMEN  THICKNESS  (INCHES) 
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etchant;  Sjt  HF,  35^  HNO3  mag:  MX 

MACROSTRUCTURE  OF  FOUR-PASS  TIG  WELD  (mANUAl)  ON  0.375 


INCH  THICK  PLATE  STOCK 
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Figure  44 
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ETCHANT:  556  HF,  35^  HNO3 
MACROSTRUCTURE  OF  TWO-PASS  TIG  WELD 
I NCH  TH I CK  PLATE  STOCK 


mag:  13X 

(automatic)  on  0.375 
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TENSILE  PROPERTY  UNIFORMITY  FOR  SUBSCALE 
14  -  INCH  DIAMETER  DOME  EFM  -  8  PRESS  - 
FORGED  AT  1850  F  BY  THE  PANCAKE  AND 
PREFORM  TECHNIQUE 


POLE  MID  MID  SKIRT 

RADIUS  RADIUS 

(TOP)  (BOTTOM) 

PRESS  FORGED 


Figure  49 
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TENSILE  PROPERTY  UNIFORMITY  FOR 
SUBSCALE  14  -  INCH  DIAMETER  DOME  EFM  - 
PRESS  -  FORGED  AT  1850  F  BY 
THE  DOGBONE  TECHNIQUE 


□  900  F  (48)  AC  -  RADI  AL 
O  900F  (48)  AC  -  CIRCUMFERENTIAL 
A  I490F(I^)W0  +  900F(48)AC- RADIAL 


e 


POLE  MID  MID 

RADIUS  RADIUS 

(TOP)  (BOTTOM) 

PRATT  &  WHITNEY  AIRCRAFT  LOCATION 

orvzmoM  ov 
vwmo  ooKVOK^'rxoir 


SKIRT 


10 


Figure  50 
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AGING  CURVES  FOR  FULL  SCALE 
40  -  INCH  DIAMETER  REAR  DOME  ELA  •  2 
PRESS  •  FORGED  AT  1850  F 
BY  THE  DOGBONE  METHOD 


A  900  F  AOE 

•  I450F(|^)  W0-t-9OOF  AGE 


note:  specimen  MACHINED  IN  THE 


AGING  TIME  (HOURS) 

PRATT  &  WHITNEY  AIRCRAFT 

OXVTKOW  07 


•SllOl 
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AGING  CURVES  FOR  FULL  SCALE 
40  -  INCH  DIAMETER  FRONT  DOME  ELA  -  3 
PRESS -FORGED  AT  1850  F  BY 
THE  PANCAKE  AND  PREFORM  METHOD 

A900F  AGE 

•  1450  F  (1/2)  WO  4900  F  AGE 


•tIftOl 


Figure  59 
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TENSILE  PROPERTY  UNIFORMITY  OF  FULL  SCALE 
40 -INCH  DIAMETER  REAR  DOME 
ELA-2  PRESS -FORGED  AT  1850F 
BY  THE  DOGBONE  METHOD 

O  900  P  (24)  AC  RADIAL 
d  too  F  (24)  AC  CmCUMFERENTIAL 


SPECIMEN  LOCATION 


•tItOl 


Figure  60 


TENSILE  PROPERTY  UNIFORMITY  OF  FULL  PWA-2031 
SCALE  40  -  INCH  DIAMETER  FRONT  DOME 
ELA  -  3  PRESS  -  FORGED  AT  1850  F 
BY  THE  PANCAKE  AND  PREFORM  METHOD 


SPECIMEN  LOCATION 


•ttSOl 


Figure  61 
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Figure  62 
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TENSILE  PROPERTY  UNIFORMITY  FOR 
HAMMER- FORGED  PANCAKE  NO.  4 
AGED  AT  900  F  FOR  60  HOURS 


Figure  63 
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AGING  CURVES  (AXIAL  DIRECTION)  FOR 
SUBSCALE  14 -INCH  DIAMETER  FLOW  -  TURNED 
CYLINDERS  NO*S  1  -  3  AFTER  STRESS  RELIEF 
AT  900  F  FOR  ONE  HOUR 


AGING  TIME  -  HOURS 

MIMI 


Figure  64 
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e  ETCH  ant;  HP,  HNO3,  LACTIC  ACID  MAG:  17,500X 

MICROSTRUCTURE  NEAR  OUTSIDE  SURFACE  OF  F'JLL  SCALE  40“  INCH 
DIAMETER  CYLINDER  WHICH  BEHAVED  SATISFACTORILY  DURING 
FLOW-TURNING.  NOTE  PRECIPITATE  PARTICLES  AT  GRAIN 
BOUNDARY  (aRROWs) 


Figure  65 


PWA-2031 


ETCHANT;  HF,  HNO3 ,  LACTIC  ACID  MAG;  17,500X 

MICROSTRUCTURE  NEAR  INSIDE  SURFACE  OF  fjlL  SCALE  40- INCH 
DIAMETER  CYLINDER  WHICH  BEHAVED  SATISFACTORILY  DURING 
FI  OW-TURN I  NG  .  NOTE  PRECIPITATE  PARTICLES  AT  GRAIN 
BOUNDARY  ( arrows) 


Figure  66 


©etchant;  HF,  HNO3,  lactic  acid  mag:  17,500X 

MICROSTRUCTURE  OF  FULL  SCALE  40-INCH  DIAMETER  CYLINDER 
WHICH  RUPTURED  DURING  F L 0 W - T U R N  I  N G  .  NOTE  PRECIPITATE 
PARTICLES  (arrows)  AND  ETCH  PITTING  (bRACKETS)  AT  GRAIN 
BOUNDARY,  COMPARE  WITH  FIGURES  65  AND  66 


Figure  67 
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Figure  69 


ELECTRON  MICRO  PROBE  ANALYSES  OF  PRESS  -  FORGED  SAMPLE 
(LOCATION  A  - 1)  WHICH  SHOWED  LOW  YIELD  STRENGTH 
(177.0  KSI)  AND  HIGH  ELONGATION  (8.0  PERCENT) 

AFTER  AGING  AT  900  F  FOR  96  HOURS 
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Figure  70 


ELECTRON  MICROPROBE  ANALYSES  OF  PRESS  -  FORGED  SAN 
(LOCATION  A-1)  WHICH  SHOWED  LOW  YIELD  STRENGTH 
(177.0  KSI)  AND  HIGH  ELONGATION  (8.0  PERCENT) 
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Figure  7 1 


DISTANCE  FROM  GRAIN  BOUNDARY.  MICRONS 
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Figure  75 
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